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PREFACE 

It  is  now  more  than  eighteen  years  since  the  author's  httle  work, 
De  Pontihus,  was  given  to  the  engineering  profession,  and  nearly  thir- 
teen years  since  the  second  edition  of  it  was  issued.  In  the  preface  to  the 
latter  there  were  indicated  ten  new  chapters  for  the  third  edition,  the 
author  then  thinking  that  these  would  cover  substantially  everything 
additional  that  he  would  have  to  say  concerning  the  subject  of  bridge 
engineering.  How  erroneous  that  impression  was  can  be  seen  by  noting 
the  titles  of  the  chapters  of  this  book  and  the  number  of  them,  which,  by 
the  way,  is  three  and  a  third  times  as  great  as  the  number  of  chapters  in 
the  first  and  second  editions  of  De  Pontihus,  and  two  and  a  third  times 
as  great  as  that  for  the  contemplated  third  edition.  Moreover,  the 
average  length  of  the  chapters  in  the  new  book  is  about  twice  as  great 
as  that  in  the  old  one,  and  the  total  amount  of  illustration  is  some  thirty 
times  as  large,  making  the  ratio  of  the  volumes  of  the  two  contents  fully 
seven  to  one. 

Just  after  the  first  edition  of  De  Pontihus  was  issued,  the  author  began 
to  prepare  systematic  analyses,  digests,  and  records  of  all  of  his  work, 
using  diagrams  whenever  feasible;  and  he  has  continued  that  practice 
ever  since,  with  the  result  that  he  has  gradually  accumulated  a  great 
fund  of  thoroughly  digested  and  systematized  information  which  has 
proved  most  valuable,  in  both  office  and  field,  to  himself  and  his  associates, 
and  which,  consequently,  ought  to  be  serviceable  not  only  to  the  engineer- 
ing profession  in  general  but  also  to  the  higher  officials  of  railroads  and 
any  others  who  may  be  interested  in  the  building  of  bridges.  It  has  long 
been  a  dream  of  the  author  to  give  this  information  to  the  profession; 
but  he  has  recognized  that  to  do  so  properly  would  involve  an  immense 
expenditure  of  both  time  and  money.  However,  he  believes  that  it  is 
incumbent  upon  every  member  thereof  to  add  his  mite  to  the  sum  total 
of  professional  knowledge  in  order  to  repay  in  some  slight  measure  the 
large  obligation  which  the  individual  owes  to  his  predecessors  for  the 
accumulated  information  handed  down  by  them.  Only  by  an  altruistic, 
far-sighted  policy  of  this  kind  can  the  profession  be  advanced  to  its  posi- 
tion of  greatest  usefulness  and  thereby  receive  complete  recognition  of  its 
value  to  society.  An  opposite  policy  would  mean  an  arrested  develop- 
ment of  professional  capacity,  a  gradual  deterioration  of  engineering 
standards,  and  eventual  stagnation. 

For  eight  years  after  the  first  issue  of  De  Pontihus  the  author  was 
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working  under  such  high  pressure  that  he  could  find  no  time  for  preparing 
the  revision  of  that  work  as  indicated  in  the  preface  to  its  second  edition, 
then  he  began  to  despair  of  ever  finding  an  opportunity  before  the  inertia 
of  advancing  years  would  prevent  the  accomplishment  of  the  task.  Early 
in  1906,  when  the  partnership  of  Waddell  and  Harrington  was  being  ar- 
ranged, one  of  the  first  subjects  discussed  was  that  of  the  writing  of  the 
contemplated  third  edition;  and  there  was  then  outlined  what  it  should 
contain.  The  list  of  chapters  grew  so  rapidly  that  very  soon  it  was  de- 
cided to  change  the  title  to  "Bridge  Engineering,"  and  ignore  the  idea 
of  a  third  edition  of  the  old  book.  It  was  intended  that  the  preparation 
of  the  new  book  should  be  the  joint  work  of  the  new  firm,  the  author 
feeling  then  that  the  task  would  be  too  onerous  for  him  to  undertake 
single-handed.  Unfortunately  for  the  book,  at  least  as  far  as  its  early 
completion  was  concerned,  the  firm  developed  an  exceedingl}^  large  and 
important  practice,  amounting  at  one  period,  simultaneously  in  both 
office  and  field,  to  some  fifteen  million  dollars'  worth  of  bridge  work,  so 
that  very  little  time  could  be  spared  for  technical  writing.  From  time 
to  time,  however,  the  author  managed  to  prepare  a  few  of  the  chapters 
allotted  to  him;  but  Mr.  Harrington  never  found  it  convenient  even  to 
start  on  the  preparation  of  his  share  thereof,  consequently  the  progress 
was  slow  and  unsatisfactory  during  the  eight  years  of  the  firm's  existence; 
and  a  great  deal  of  what  the  author  succeeded  in  writing  became  stale 
and  antiquated,  owing  to  the  progress  that  was  continually  being  made 
in  the  science  of  bridge  building. 

In  the  summer  of  1914,  while  the  author  was  in  Cuba  struggling  with 
the  materiahzation  of  a  great  bridge  project,  Mr.  Harrington  announced 
his  intention  of  withdrawing  from  the  firm;  and,  of  course,  the  author 
agreed,  reserving  later  the  right  of  twelve  months'  notice  according  to 
the  terms  of  the  partnership  contract.  When  Mr.  Harrington  and  he  met 
about  the  end  of  October,  it  was  decided  that  the  author  should  take  over 
the  writing  of  the  proposed  treatise,  but  should  deal  in  a  general  way  only 
with  the  subject  of  movable  bridges,  so  that  Mr.  Harrington  may  some 
day  write  an  exhaustive  and  detailed  monograph  thereon,  as  he  is  eminently 
capable  of  doing.  It  is  to  be  hoped  that  nothing  vnW  prevent  his  under- 
taking and  completing  the  proposed  book  on  the  lines  now  contemplated; 
for  it  would  certainly  be  a  great  boon  to  bridge  builders. 

Had  it  not  been  for  the  European  War  and  the  consequent  utter  paraly- 
zation  of  bridge  engineering  due  to  its  baneful  influence,  not  only  in 
Europe  but  also  in  the  United  States — and  in  fact  throughout  the  world 
— this  book  could  never  have  been  wTitten.  Recognizing  that  the  in- 
activity in  bridge  work  would  probably  continue  as  long  as  the  war  lasts, 
and  that  the  end  thereof  was  likely  to  be  remote,  the  author  decided  not 
to  attempt  the  disheartening  task  of  endeavoring  to  secure  small  business 
for  the  sole  purpose  of  keeping  occupied  those  of  the  firm's  assistants  who 
had  chosen  to  cast  in  their  lot  with  him,  but  to  settle  down  systematically 
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to  work  on  the  preparation  of  the  MS.  of  his  book  and  to  continue  it 
without  cessation  until  completion.  He  was  not  able  to  make  an  actual 
start  on  it  until  the  first  of  December,  and  his  assistants  were  not  in  shape 
to  give  him  much  aid  until  January  or  February,  owing  to  the  necessity 
for  completing  the  plans  of  the  Pacific  Highway  Bridge  over  the  Columbia 
River  between  Vancouver,  Wash.,  and  Portland,  Ore.,  on  which  the  firm 
of  Waddell  and  Harrington  had  been  retained  as  engineers. 

The  first  step  taken  was  a  rearrangement  of  the  chapters  and  a  com- 
bination of  certain  of  them,  thus  reducing  the  total  number  from  one 
hundred  and  six  to  eighty  without  omitting  anything  but  one  chapter 
on  "Ocean  Piers"  and  the  contemplated  detailed  treatment  of  shopwork, 
substituting,  though,  for  the  latter  a  chapter  on  "Shopwork  as  Affecting 
Bridge  Design."  The  next  step  was  a  drastic  one,  viz.,  the  rewriting 
personally  by  the  author  of  some  forty  chapters,  representing  his  entire 
intermittent  labor  on  the  book  during  a  period  of  eight  and  a  half  years, 
including  all  seven  of  the  finished  specifications  for  designing  and  con- 
struction, which  were  combined  mainly  into  two  chapters,  viz.,  LXXVHI 
and  LXXIX.  This  involved  an  immense  amount  of  labor;  but  there  was 
taken  at  the  same  time  a  still  more  drastic  step  involving  much  more, 
viz.,  the  changing  of  the  designing  specifications  so  as  to  bring  them 
not  only  up  to  date  but  also  a  trifle  ahead  of  the  times.  The  changes,  it 
is  true,  were  by  no  means  radical,  but  they  involved  live  loads,  impacts, 
and  intensities  of  working  stresses,  with  the  consequence  that  the  old 
record  diagrams,  considerably  over  one  hundred  all  told,  had  to  be  revised 
to  meet  the  conditions  of  the  new  specifications.  Their  number,  however, 
was  material  1}'^  reduced  by  combination,  care  being  taken  not  to  confuse 
the  user  thereof  by  any  too  complicated  methods  of  recording.  Many 
new  diagrams  were  also  prepared  so  as  to  systematize  certain  data  that 
theretofore  had  been  deemed  by  the  office  force  too  complicated  to  be 
susceptible  of  diagrammatization.  All  this  necessitated  extensive  labor 
on  the  part  of  both  the  author  and  his  assistants.  Again,  it  was  found 
necessary  to  make  a  number  of  special  investigations  in  order  to  deter- 
mine certain  formulae,  functions,  and  relations  previously  undeduced  or 
else  either  unsatisfactorily  or  too  approximately  established.  All  this  has 
kept  very  busy  everybody  concerned,  the  author  working  regularly  eleven 
or  twelve  hours  per  day  (except  Sundays,  when  only  seven  hours  were 
utilized)  and  his  assistants  from  eight  to  ten  hours  per  day.  The  prin- 
cipal of  these  assistants  were  Messrs.  Robert  C.  Barnett,  C.E.,  Herman 
H.  Fox,  C.E.,  Shortridge  Hardesty,  C.E.,  N.  Everett  Waddell,  C.E.  (the 
author's  son  and  now  his  partner),  and  Miss  A.  C.  Humbrock,  his  stenog- 
rapher. His  brother,  Robert  W.  Waddell,  C.E.,  also  aided  by  compiling 
a  portion  of  the  Glossary.  The  author's  preliminary  estimate  of  time  re- 
quired for  the  preparation  of  the  MS.  has  been  exceeded  by  one  hundred  and 
fifty  per  cent,  and  the  anticipated  labor  and  expense  have  been  more  than 
doubled.     As  a  matter  of  interest  to  those  engineers  who  do  not  indulge 
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in  the  luxury  of  technical-book  writing,  it  might  be  stated  that  the  total 
cash  outlay  involved  in  preparing  the  MS,  for  the  pubUsher  and  in  doing 
the  proofreading  amounts  to  $13,000,  including  the  money  spent  by  the 
old  firm  in  making  a  thorough  search  of  engineering  literature,  which 
expense,  of  course,  the  author  assumed  in  taking  over  the  writing  of  the 
book.  To  this  amount  must  be  added  at  least  $10,500  to  cover  the  cost 
of  getting  out  the  first  thousand  copies,  making  a  total  expenditure  of 
fully  $23,500.  This  cost,  perhaps,  is  excessive  for  engineering  writing; 
and,  of  course,  it  could  have  been  materially  reduced  by  the  author's 
making  many  of  the  computations  himself;  but  such  is  not  his  practice, 
for  he  is  a  firm  believer  in  the  principle  that  "it  is  uneconomical  to  do 
yourself  what  you  can  pay  another  to  do  for  you."  Again,  it  might  be 
observed  that  to  prepare  the  MS.  for  such  a  treatise  as  this  entirely  un- 
aided would  require  all  of  ten  years  of  the  author's  undivided  time  and 
attention,  and  that  the  book  when  finished  would  then  not  be  up  to  date. 
One  of  the  most  difficult  tasks  encountered  has  been  continually  to  inject 
into  matter  deemed  to  be  already  complete  new  material  due  to  the 
latest  developments  in  engineering  practice,  amplifications  of  ideas  pre- 
viously covered  quite  thoroughly,  and  additional  tables  and  diagrams 
specially  prepared  so  as  to  bring  the  treatise  not  only  up  to  present  en- 
gineering practice  but  also  somewhat  in  advance  thereof. 

In  writing  this  book  it  has  been  the  author's  aim  to  give  to  his  readers, 
concerning  every  branch  of  bridgework,  all  the  information  that  he  has 
been  able  to  accumulate  during  a  practice  of  forty  years.  Nothing  of 
any  value  has  been  omitted,  except  such  matter  as  can  readily  be  ob- 
tained from  other  books;  because  he  never  has  been  a  behever  in  the 
pseudo-economic  idea  that  what  has  cost  much  labor  and  money  to  dis- 
cover and  record  should  be  utilized  only  for  one's  personal  gain.  On 
that  account  there  appear  for  the  first  time  in  print  all  the  diagrams  of 
weights  of  metal,  quantities  of  masonry,  costs  of  constructions,  economic 
functions,  etc.,  that  this  book  contains. 

As  was  the  case  when  De  Pontibus  was  written,  it  has  been  the  author's 
endeavor  to  keep  quite  close  to  his  own  practice  in  the  methods  of  bridge 
designing  described;  but  as  this  work  attempts  to  cover  essentially  the 
entire  field  of  bridge  engineering  (excepting  only  the  theory  of  stresses 
and  similar  matter  which  can  be  found  in  all  standard  books  on  bridges) 
while  De  Pontibus  did  not,  it  has  become  necessary  in  the  illustrations  to 
include  occasionally  structures  designed  by  other  engineers;  and  in  all 
such  cases  full  credit  has  been  given  them.  It  seems  hardly  necessary, 
but  yet  may  be  advisable,  for  the  author  to  apologize  to  his  readers  for 
the  characteristically  personal  style  of  his  writing;  and  he  herewith  does 
so  with  the  hope  that  he  will  be  pardoned  therefor,  as  he  undoubtedly 
was  in  the  case  of  De  Pontibus,  which  was  written  and  illustrated  in  ex- 
actly the  same  style  and  manner.  The  book  is  intended  to  be,  in  a  certain 
sense,  a  record  of  the  author's  life  work,  prepared  after  a  ripe  experience 
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and  before  age  has  begun  to  diminish  his  energy  or  to  deteriorate  his 
mental  capacity.  He  feels  that  he  has  given  to  the  profession  which  is 
so  dear  to  him,  and  which  he  appreciates  so  highly,  the  best  effort  of  which 
he  is  capable,  trusting  that  its  members  will  pardon  his  shortcomings,  and 
that  they  will  agree  that  when  his  time  comes  to  pass  on  to  the  beyond, 
he  will  be  worthy  of  that  famous  Colorado  epitaph,  with  which  he  once 
concluded  an  address  to  a  large  body  of  engineering  students,  "He  done 
his  level  damnedest;  no  angel  could  do  no  more." 

Those  readers  who  have  perused  De  Pontihus  will  notice  that  a  por- 
tion of  the  contents  of  that  book  has  been  absorbed  in  this  one;  but 
everything  thus  utilized  has  been  brought  up  to  date.  Wherever  any 
changes  seemed  advisable  they  were  made,  but  otherwise  the  old  text 
was  copied  verbatim.  This  was  unavoidable  if  the  new  book  were  to  be 
made  complete,  because  there  are  certain  facts  and  principles  given  in  the 
old  one  that  are  permanent  and  unchangeable;  and  it  would  have  been 
a  serious  mistake  to  omit  them  simply  because  the  author  had  put  them 
in  print  before.  He  has  also  quoted  freely  in  certain  places  from  papers 
that  he  has  presented  to  technical  societies,  when  such  papers  or  portions 
of  them  expressed  exactly  what  he  desired  to  state.  No  apology  for  this 
is  necessary.  It  will  also  be  noticed  that  a  prominent  feature  of  the 
treatise  is  the  comparatively  small  number  of  quotations  from  other  writers, 
the  author  generally  preferring  to  state  his  own  opinions  and  conclusions 
directly.  However,  when  it  appeared  advisable  for  him  to  depart  from 
this  practice,  he  did  so  without  hesitation. 

The  method  of  numbering  the  various  illustrations  and  the  tables 
scattered  throughout  the  book  needs  some  explanation.  Considerable 
thought  was  given  to  the  suggestion  that  all  these  be  grouped  near  the 
end  thereof  before  it  was  decided  to  place  them  in  the  text  as  close  as 
practicable  to  where  they  are  first  mentioned.  The  method  of  nomen- 
clature adopted  is  to  give  to  each  illustration  or  each  table  the  number 
of  the  chapter  in  which  it  appears,  followed  by  a  letter  of  the  alphabet 
indicating  its  position  in  that  chapter.  Where  more  than  twenty-six 
illustrations  are  contained  in  a  single  chapter,  the  letters  are  doubled,  up 
to  a  total  of  fifty-two,  after  which  they  are  trebled.  Thus  Fig.  19/  shows 
that  the  illustration  pertains  to  Chapter  XIX  and  that  it  is  the  tenth 
given  therein.  Similarly,  Fig.  55ee  denotes  that  the  illustration  thus 
named  belongs  to  Chapter  LV  and  that  it  is  the  thirty-first  in  order. 
Had  the  number  been  55eee,  it  would  have  indicated  the  fifty-seventh 
illustration  of  Chapter  LV.  Of  course,  there  will  never  be  any  need  for 
knowing  the  number  corresponding  to  the  lettering,  as  the  latter  is  in- 
tended only  as  an  aid  in  finding  the  location  of  any  required  illustration 
or  table  by  turning  over  quickly  the  pages  of  the  chapter  to  which  it 
belongs.  Attention  is  called  to  the  fact  that  in  Hsting  the  various  illus- 
trations, they  have  been  divided  into  three  groups,  viz.,  "Ordinary  Fig- 
ures," "Cross-Section  Diagrams,"  and  "Views."    It  is  thought  that  this 
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division  will  aid  the  reader  in  locating  any  particular  illustration  to  which 
he  desires  to  refer. 

In  writing  a  preface  to  a  technical  work,  custom  decrees  that  it  is 
permissible  to  state  what  classes  of  persons  can  use  it  to  advantage  and 
how;  and  the  author  desires  to  avail  himself  of  that  privilege. 

Primarily  the  book  should  prove  useful  to  all  engineers  who  are  en- 
gaged either  directly  or  indirectly  in  the  designing  and  building  of  bridges, 
and  especially  to  the  younger  ones;  for  not  only  are  the  principles  of 
design  explained  and  exemplified,  but  also  many  practical  hints  are  given, 
which  otherwise  could  come  to  them  only  through  wide  experience.  With 
the  various  tables  and  diagrams  it  is  feasible  to  make  quickly  a  close 
estimate  of  cost  for  nearly  every  kind  of  bridge  and  for  structures  of  any 
length  and  size  yet  attained,  no  matter  what  may  be  the  comphcation  of 
traffic  that  they  have  to  carry.  Again,  in  respect  to  spans  of  unpre- 
cedented weight  and  length,  data  are  given  for  determining,  at  least  ap- 
proximately, the  weights  of  metal  required  by  the  use  of  alloy  steels  of 
various  elastic  limits.  Also  the  practical  treatment  of  secondary,  tem- 
perature, and  indeterminate  stresses  is  expounded,  as  well  as  are  the 
standard  methods  of  computing  for  deflection  and  proportioning  for 
camber.  The  general  detailing  for  all  kinds  of  fixed  spans  is  treated  in 
connection  with  the  first  principles  of  designing.  It  is  true  that  the 
special  detailing  of  movable  spans  is  not  covered,  except  incidentally; 
nevertheless  the  same  general  principles  will  apply  to  these  structures. 
The  protection  of  metalwork  is  dealt  with  at  length,  and  its  importance 
is  emphasized.  The  practice  of  the  designing  and  construction  of  re- 
inforced-concrete  bridges  is  explained  very  fully,  but  none  of  the  theorj' 
is  given,  excepting  only  a  small  portion  in  relation  to  certain  formula3 
that  have  been  established  in  the  author's  office.  All  kinds  of  substruc- 
tures are  described  and  illustrated,  specifications  are  given  for  their  de- 
signing, and  explanations  of  how,  when^  and  where  to  adopt  the  different 
types  are  furnished.  The  preliminary  work  antecedent  to  the  actual  de- 
signing of  bridges  receives  thorough  attention  in  Chapters  XL VI  to  LI^ 
inclusive,  and  also  in  Chapter  LIV.  Aesthetics  and  true  economy  m 
design  are  fully  discussed  in  Chapters  LII  and  LIII.  Quantities  of  ma- 
terials of  the  various  kinds  used  in  bridge  construction  are  given  in. 
Chapters  LV  and  LVI;  and  the  preparation  of  estimates,  specifications, 
contracts,  and  reports  is  treated  at  length  subsequently.  In  Chapters 
LX  to  LXV,  inclusive,  all  matters  relating  to  field  engineering  are  covered; 
and  the  inspection  of  materials  of  all  kinds  is  exhaustively  discussed  in 
Chapter  LIX.  Business  matters  relating  to  engineering  receive  attention 
in  Chapters  LXXI  to  LXXV,  inclusive;  and  questions  of  an  ethical 
nature  are  dealt  with  in  Chapters  II,  LXXVI,  and  LXXVII.  In  Chapter 
LXXVIII  are  given  in  complete  detail  specifications  governing  the  de- 
signing of  the  superstructures  for  all  kinds  of  bridges,  trestles,  viaducts, 
and  elevated  railroads,  together  with  a  clause-index  at  the  end  for  the  use 
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of  computers,  so  as  to  enable  them  to  find  quickly  any  particular  clause 
required.  Specifications  for  the  designing  of  substructure  are  appended  to 
Chapter  XLIII,  and  specifications  for  the  designing  of  reinforced-concrete 
bridges  will  be  found  in  Chapter  XXXVII.  In  Chapter  LXXIX  are 
complete  specifications  governing  the  manufacture  and  erection  of  the 
superstructure,  substructure,  approaches,  and  all  accessory  works  of 
bridges,  trestles,  viaducts,  and  elevated  railroads;  and  in  addition  thereto 
is  a  clause-index  that  makes  the  specifications  easy  to  use.  By  employing 
them  in  the  manner  explained,  any  bright  young  engineer  who  has  a 
general  knowledge  of  bridgework  will  be  able  to  prepare  truly  first-class 
construction  specifications,  complete  in  every  particular  and  systematically 
arranged,  when  calling  for  bids  upon  any  class  of  bridgework  for  which 
the  preliminary  drawings  have  been  made,  and  quantities  of  materials 
computed.  Finally,  in  Chapter  LXXX  will  be  found  the  most  exhaustive 
glossary  of  technical  terms  used  in  bridgework  that  has  ever  been  com- 
piled; and  the  general  index  which  closes  the  book  is  so  complete  as  to 
enable  any  one  to  find  very  quickly  any  point  whatsoever  that  is  dealt 
with  in  the  treatise. 

While  the  work  was  not  prepared  as  a  text-book  for  engineering  stu- 
dents, it  is  well  adapted  to  supplement  the  standard  treatises  used  in 
the  classroom.  It  would  be  of  value  to  them  as  a  book  of  reference; 
and  if  there  were  three  or  four  copies  in  the  library,  they  would  be  found 
generally  instructive  on  such  matters  as  the  history  of  bridge  engineer- 
ing, ethics,  materials,  loads,  intensities,  first  principles  of  designing, 
sesthetics,  economics,  and  business,  all  of  which  subjects  are  treated 
in  a  manner  that  is  simple  and  which  makes  easy  reading;  consequently 
those  students  who  are  studying  for  the  sake  of  learning  and  not 
merely  to  secure  a  degree  with  the  least  possible  mental  effort  would 
read  such  chapters,  especially  if  they  were  advised  to  do  so  by  their 
instructors.  Again,  in  the  preparation  of  thesis  work  and  in  the  making 
of  students'  designs  the  more  solid  chapters  would  be  found  a  great 
help,  giving,  as  they  do,  a  vast  fund  of  practical  information  such  as 
the  designer  needs. 

The  book  should  be  found  useful  by  those  higher  ofiicials  of  the  rail- 
roads who  are  not  engineers;  for  the  presidents,  general  managers,  and 
superintendents  ought  to  be  able  to  estimate  on  the  costs  of  bridges  for 
their  systems;  and  they  could  readily  do  so  by  utilizing  the  diagrams 
given  in  Chapters  LV  and  LVI.  Besides,  there  is  much  information  of  a 
general  nature  scattered  throughout  the  book,  which  would  be  of  interest 
to  such  men. 

As  a  book  of  reference  for  the  general  pubUc,  the  work  should  find  a 
place  on  the  shelves  of  public  libraries,  especially  in  those  centres  of  popu- 
lation where  much  bridgework  is  done,  and  in  those  where  engineering 
students  congregate;  and  it  certainly  ought  to  prove  useful  in  the  libraries 
of  all  universities,  colleges,  and  technical  schools. 
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It  is  evident,  as  previously  indicated,  that  this  book  of  a  milhon  words 
with  all  its  diagrams,  tables,  and  formulae  could  not  have  been  written 
in  sixteen  months  by  one  man  working  single-handed,  no  matter  how 
large  might  be  the  amount  of  his  accumulated  data.  On  the  contrary,  it 
was  necessary  to  employ  constantly  a  large  number  of  men,  all  working,  of 
course,  under  the  close  personal  supervision  and  direction  of  the  author,  so 
as  to  prepare  or  digest  the  material  needed  for  his  use  in  writing.  To  these 
gentlemen,  and  especially  to  Messrs.  Hardesty,  Barnett,  Fox,  and  Everett 
Waddell,  the  author  is  greatly  indebted  for  their  faithful  and  intelligent 
aid  and  painstaking  care;  and  he  herewith  tenders  them  his  hearty 
thanks  therefor,  trusting  that  the  experience  they  have  thus  obtained 
in  technical-book  writing  will  stand  them  in  good  stead  in  future 
years.  He  desires  specially  to  thank  his  stenographer.  Miss  Humbrock, 
for  her  careful  work  and  unfailing  willingness  and  courtesy  in  typing 
and  retyping  the  chapters  and  in  modifying  them  from  time  to  time 
by  changes,  insertions,  and  additions  that  proved  to  be  necessary  as  the 
work  progressed. 

Throughout  the  book  are  to  be  found  acknowledgments  with  thanks 
for  aid  received  from  brother  engineers,  both  directly  for  this  treatise  and 
through  their  published  works;  but  the  author  desires  to  repeat  here  his 
thanks  to  his  old  friends,  Messrs.  Henry  W.  Hodge,  Paul  L.  Wolfel,  Albert 
Reichmann,  and  Hildreth  &  Company  for  the  trouble  they  took  to  furnish 
certain  valuable  data  for  which  they  were  asked.  To  Dr.  Charles  Warren 
Hunt,  Secretary  of  the  American  Society  of  Civil  Engineers,  are  tendered 
the  author's  thanks  for  his  courtesy  in  having  a  search  made  in  the  Society's 
library  for  data  on  a  number  of  subjects.  To  the  Teachnor-Bartberger 
Company  of  Kansas  City,  which  prepared  the  illustrations,  is  rendered  a 
willing  acknowledgment  of  obligation  for  their  excellent  work,  and  espe- 
cially to  their  Mr.  Roger  Cunningham  for  much  valuable  advice  as  to 
how  best  to  prepare  the  diagrams  so  as  to  obtain  fine  prints  without  going 
to  the  practically  prohibitive  expense  of  making  wax  cuts.  In  preparing 
the  Glossary  of  Technical  Terms,  reference  has  been  made  to  a  number 
of  illustrations  in  Prof.  Ketchum's  invaluable  work,  "Structural  En- 
gineers' Handbook,"  instead  of  reproducing  them  in  this  already  too 
elaborate  and  expensive  treatise.  No  apology  for  this  petite  economie  is 
necessary,  because  any  engineer  who  is  sufficiently  interested  in  bridge- 
work  to  warrant  his  using  the  said  glossary  cannot  afford  to  be  without 
the  said  handbook.  Finally,  the  author  desires  to  acknowledge  his  in- 
debtedness to  the  American  Railway  Engineering  Association  (in  his 
opinion,  the  most  active  and  efficient  engineering  society  in  the  United 
States)  for  much  valuable  data  taken  from  its  Proceedings. 

In  conclusion,  the  author  would  state  that  he  considers  this  book  to 
be  the  greatest  and  most  important  work  of  his  entire  professional  career, 
which  has  been  an  unusually  busy  one;  and  most  certainly  he  would  be 
bitterly  disappointed  if,  for  many  years  to  come,  it  should  fail  to  prove 
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of  great  value  to  the  engineering  profession,  and  especially  to  the  younger 
members  thereof,  in  whose  success  he  has  always  taken  a  deep  interest, 
primarily  on  account  of  his  six  years'  association  with  young  men  when 
he  was  a  teacher  of  engineering,  and  also  because  of  the  memory  of  his 
own  hard  struggle  to  attain  professional  success. 

J.  A.  L.  WADDELL. 
Kansas  City,  Mo.,  May  17,  1916. 
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EVOLUTION   OF  BRIDGE   ENGINEERING 


Today  bridf^e  building  is  truly  a  science;  only  three  decades  back  it 
was  hardly  worthy  to  be  termed  an  art;  while  seventy-five  years  ago,  in 
bur  own  country  at  least,  it  was  no  better  than  a  trade.  Nearly  all  of 
the  important  and  distinctive  features  of  modern  American  bridge  prac- 
tice have  been  developed  within  the  memories  of  engineers  still  living; 
and  so  far  as  most  lines  of  bridge  construction  are  concerned,  the  same 
statement  holds  true  for  European  practice  as  well.  But  while  bridge 
building  as  a  learned  profession  is  thus  of  very  recent  origin,  it  must  not 
be  thought  that  the  previous  centuries  made  no  contributions  to  our 
knowledge  of  bridge  construction;  for  there  are  in  existence  today  bridges 
that  have  withstood  the  ravages  of  time  for  over  two  thousand  years, 
and  the  records  of  antiquity  tell  of  others  built  many  centuries  earlier — 
even  before  the  dawn  of  authentic  history.  But  bridge  engineering  reaches 
still  farther  back  into  the  past;  for  primitive  man  must  have  built  many 
crossings  over  shallow  streams  by  piling  in  rocks  for  piers  and  covering 
them  wdth  slabs  of  stone  or  logs,  or  by  felling  trees  so  as  to  span  small 
rivers.  However,  we  must  look  to  still  earlier  ages  for  the  beginning — 
back  to  the  days  when  our  arboreal  ancestors  formed  living  chains  of  their 
own  bodies,  holding  to  each  other  with  arms,  legs,  and  tails,  thus  con- 
structing suspension  bridges  across  the  water  from  the  overhanging 
branches  of  opposite  trees,  in  order  to  let  their  tribe  pass  over  in  safety 
to  the  other  side,  in  the  same  manner  as  is  still  practised  by  their  unde- 
veloped descendants  who  reside  today  in  the  South  American  forests, 
as  shown  in  Fig.  la.  Assuredly,  the  aged  simian  of  those  bygone  times 
Who  directed  the  construction  and  operation  of  such  a  structure  was  a 
bridge  engineer  in  the  truest  sense  of  the  word  as  well  as  a  being  of  high 
intelligence  in  comparison  with  his  contemporaries. 

From  such  a  beginning  to  the  present-day  achievement  of  an  East 
River  suspension  bridge  or  a  Quebec  cantilever  structure  is,  indeed,  a  long 
advance;  but  could  we  trace  the  intervening  steps  of  development,  we 
should  find  that  our  modern  bridge  is  the  cumulative  result  of  the  past 
efforts  of  the  bridge  constructor  to  meet  the  increasing  demands  on  his 
ingenuity.  To  give  the  reader  a  better  conception  and  appreciation  of 
the  magnitude  and  character  of  this  advance,  and  of  the  factors  that 
have  influenced  it  to  a  large  degree,  it  is  well  to  review  in  a  brief  way 
such  facts  as  history  presents  or  that  can  be  gleaned  from  observation 
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Fig.  la.    Monkey  Bridge. 
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of  existing  structures  or  the  ruins  of  early  ones.  From  such  data  it  may 
be  seen  that  the  evolution  of  bridge  engineering  is  the  resulting  combina- 
tion of  the  evolution  of  the  form  of  structure,  of  the  materials  of  con- 
struction, of  the  methods  of  design,  of  the  methods  of  fabrication,  and 
of  the  methods  of  erection.  There  has  been  a  collateral  development 
along  these  several  lines,  and  the  history  of  one  involves  that  of  the  others, 
so  that  we  find  it  necessary  to  pursue  one  line  to  a  certain  stage  of  devel- 
opment and  then  revert  to  the  beginning  and  trace  out  the  evolution  of 
another  branch.     Furthermore,  as  bridge  construction  has  been  practised 


Fig.  15.    Indian  Bridge  over  the  Bulkley  River  at  Moricetown,  B.  C. 


contemporaneously  in  the  various  parts  of  the  inhabited  globe  under  dif- 
ferent environments,  we  should  naturally  expect  the  early  development 
to  have  gone  forward  along  different  lines  in  these  several  portions,  and 
such  we  find  is  the  case;  hence  there  will  be  an  advantage  in  following 
independently,  for  a  time,  each  line  until  it  converges  with  the  others. 

Considering  first  the  evolution  of  the  form  of  structure,  we  must  seek 
for  the  earliest  types  among  primitive  man  in  prehistoric  times.  Of  these 
we  have,  of  course,  no  records  and  can  judge  only  from  the  work  of  sav- 
age races  of  our  own  day.  Undoubtedly  the  prototype  of  our  present 
beam  or  girder  span  was  the  log  or  tree  felled  across  a  stream,  while  the 
"monkey  bridge,"  or  a  hanging,  looping  vine  furnished  the  inspiration 
for  the  early  suspension  bridge.  That  our  primeval  ancestors  may  have 
built  structures  of  some  magnitude  may  be  inferred  from  two  bridges 
constructed  by  the  British  Columbian  Indians,  photographs  of  which  are 
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shown  in  Figs.  \b  and  Ic.  The  former  is  a  view  of  a  cantilever  bridge 
across  the  Bulkley  River  at  Moricetowai,  about  fifty  miles  above  Hazle- 
ton,  B.  C.  The  span  length  is  about  75  feet  and  the  height  above  the 
water  about  100  feet.  Two  poles  were  pushed  out  from  either  side  and 
anchored  down  with  heav}^  stones,  and  between  the  opposite  ends  of  the 
two  pairs  of  cantilevered  girders  thus  formed  were  placed  two  overlap- 
ping logs  all  lashed  together  with  telegraph  wire. 

Fig.  Ic  pictures  the  Ah\\nllgate  Indian  Bridge  at  the  village  of  Ahwill- 
gate  across  the  same  stream  about  four  miles  above  its  junction  with  the 


Fig.  Ic.     Indian  Bridge  over  the  Bulkley  River  at  Ahwillgate,  B.  C. 


Skeena  River  at  Hazleton.  The  span  is  150  feet  in  the  clear,  and  the 
height  above  the  water  is  about  200  feet.  The  structure  is  entirely  of 
Indian  design  and  construction  and  was  at  one  time  a  suspension  bridge, 
the  cables  for  which  were  made  from  telegraph  wires  twisted  together. 
The  timbers  are  all  round  poles  lashed  to  one  another  with  wire.  There 
are  two  separate  systems  of  suspension:  first,  from  the  wooden  towers  to 
and  under  a  cross-log  at  the  centre  of  the  span;  and,  second,  from  the 
said  towers  to  the  tops  of  the  vertical  posts  in  the  triangles,  and  thence 
to  and  under  the  cross-log  just  mentioned.  The  truss  in  the  centre  was 
an  afterthought,  having  been  added  so  as  to  stiffen  the  central  portion 
of  the  structure.  The  tension  members  of  the  trusses  (invisible  in  the 
photograph)  are  of  twisted  telegraph  wives  tightened  by  a  Spanish  wind- 
lass.    There  are  wire  guys  from  bridge  to  shore  above  and  below  to  take 
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up  the  wind  prossuro.  The  roadway  is  only  six  foct  wide,  being  designed 
solely  for  the  passage  of  pedestrians  and  pack-horses.  The  wire  employed 
was  left  in  the  country  when  the  "C'oliins  Overland  Telegraph  Line" 
was  abandoned  in  1866  on  the  completion  of  the  Field  Submarine  Cable. 
This  liridge  existed  as  a  cantilever  in  the  early  sixties  before  the  wire 
was  available.  Fig.  Id  shows  quite  clearly  the  details  of  construction 
of  this  primitive  structure,  which,  undeniably,  is  a  most  creditable  piece 
of  work  for  entirely  uneducated  men.  It  proves  that  there  are  good 
bridge  engineers  outside  of  the  civilized  peoples  of  the  world,  and  that 
constructive  ability  is  not  always  confined  to  those  who  have  learned 
to  read  and  write.  In  corroboration  of  the  implied  suggestion  that  the 
structure  just  described  is  the  work  of  uncivilized  man,  it  might  be  stated 
that  the  tribe  of  Indians  who  built  it  would  not  permit  it  to  be  used  for 
traffic  until  after  it  had  been  tested  thoroughly  by  placing  upon  it  a  heavy 


mfhsfones 


Fig.  Id.     Indian  Bridge  over  the  Bulkley  River  at  Ahwillgate,  B.  C. 


load  of  squaws.  Undoubtedly,  they  must  have  considered  the  advis- 
ability of  making  the  test  with  horses  or  cattle,  and  have  concluded  that 
it  would  be  more  economic  to  risk  losing  their  less  valuable  live  stock. 

Passing  from  the  realm  of  conjecture  and  inference  to  that  of  a  par- 
tially known  and  indefinite  history,  we  find  that  the  Caravan  Bridge  over 
the  River  Meles,  at  Smyrna  in  Asia  Minor,  is  of  a  very  early  though  un- 
known date,  and  is  believed  by  many  to  be  the  oldest  existing  bridge. 
It  is  a  single  span,  forty  feet  in  length,  and  still  in  use,  most  of  it  being 
in  its  original  condition.  There  is  a  very  ancient  beam-type  bridge 
in  England,  which  is  believed  to  be  of  the  same  age  as  Stonehenge,  or 
over  two  thousand  years  old.  It  is  over  the  East  Dart,  and  has  three 
piers  constructed  of  granite  blocks  which  carry  granite  slabs,  one  of  them 
being  fifteen  feet  long  by  six  feet  wide. 

The  earliest  bridge  of  which  there  is  any  truly  authentic  record  was 
built  over  the  Euphrates  at  Babylon  by  Semiramis  or  Nitocris  about 
780  B.C.  Herodotus  described  it,  writing  in  484  b.c.  It  was  a  short-span 
structure  thirty-five  feet  wide,  of  timber  beams  resting  on  stone  piers. 
Only  a  few  other  ancient  bridges,  except  those  that  were  built  by  the 
Romans,  can  be  described  with  any  certainty.  Two  other  early  bridges 
of  the  beam  or  girder  type  were  built  in  Greece  about  425  B.C.,  one  at 
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Assos  and  one  at  Eubcea.  Both  had  stone  piers,  which  carried  stone 
lintels  or  beams  in  the  case  of  the  bridge  at  Assos,  and  timber  beams 
in  the  case  of  the  one  at  Eubcea. 

However,  the  Romans  were  the  real  bridge  builders  of  antiquity,  and 
the  records  of  much  of  their  work  are  fairly  well  preserved.  The  earliest 
Roman  bridge  of  which  we  have  any  exact  information  was  the  Pons 
Sublicius,  over  the  Tiber  at  Rome.  This  was  a  timber  structure,  of  the 
beam  type,  resting  on  piles  and  so  arranged  that  the  floor  could  be  re- 
moved. It  was  built  about  620  b.c,  and  was  made  famous  by  Horatius 
Codes  holding  it  against  the  Etruscans  under  Lars  Porsena  in  598  b.c. 
The  most  celebrated  of  all  the  early  bridges  was  Caesar's  pile  trestle,  built 
in  ten  days'  time,  over  the  Rhine,  during  the  year  55  b.c.  Under  the 
Romans  the  timber  beam  span  reached  its  culmination.  No  great  devel- 
opment could  take  place  in  this  type  of  structure  until  a  correct  theory 
of  beam  action  had  been  established  and  a  material  obtained  that  would 
meet  the  requirements  of  such  theory.  The  passing  from  a  beam  of 
rectangular  section  to  that  of  the  more  efficient  I  section  was  of  rather 
late  but  unknown  date — after  cast  iron  became  available  for  bridge  con- 
struction. This,  of  course,  was  superseded  by  the  rolled  section  or  a 
beam  built  up  of  plates  and  angles — the  modern  girder. 

Another  early  form  of  construction  used  by  primitive  man  was  the 
suspension  type.  It  is  more  than  likely  that  suspension  bridges  of  crude 
form  were  the  first  kind  of  bridge  to  be  employed  for  the  spanning  of 
openings  which  exceeded  the  length  of  a  single  log.  Tyrrell  in  his  "His- 
tory of  Bridge  Engineering"  states  that  they  were  used  in  remote  ages 
in  China,  Japan,  India,  and  Tibet,  also  by  the  Dyaks  of  Borneo,  the 
Aztecs  of  Mexico,  and  the  natives  of  Peru  and  other  parts  of  South  Amer- 
ica. The  cables  of  these  primitive  structures  were  made  of  twisted  vines  or 
straps  of  hide  and  fastened  to  trees  or  other  permanent  objects  on  shore. 
No  date  can  be  assigned  for  the  building  of  the  first  suspension  bridge; 
one  of  330  feet  span  is  said  to  have  been  built  in  China  about  a.d.  65, 
and  it  is  believed  that  others  had  been  completed  in  that  country  many 
centuries  earlier.  No  very  great  span-length  could  be  attained  until 
stronger  materials  could  be  had  for  the  cables,  so  that  it  remained  for 
comparatively  recent  centuries  to  see  much  development  in  this  type. 
Iron  chains  for  suspension  cables  were  adopted  in  both  India  and  Japan 
five  hundr(>d  years  or  more  ago,  while  rope  was  employed  for  the  same 
purpose  in  Europe,  India,  and  South  America  several  centuries  back. 
But  little  improvement  was  made  until  modern  times  when  the  stiffening 
truss  was  added  and  wrought  iron  and  steel  were  made  available  for 
construction. 

Another  early  form  of  bridge  was  the  cantilever  span.  As  this  re- 
quired a  little  higher  order  of  intelligence  to  construct  than  the  beam  or  the 
suspension  type,  it  is  likely  that  its  advent  was  of  a  later  date.  As  far 
back  as  1100  b.c.  it  is  known  that  the  ancient  Greeks  employed  the  "cor- 
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bcled  arch,"  which,  strictly  speaking,  is  a  form  of  cantilever  construction 
and  not  an  arch  at  all.  The  Egj'ptians  made  use  of  corbeled  stone  arches 
two  or  three  thousand  j-ears  before  the  Greeks.  One  of  the  ancient 
examples  of  cantilever  construction  is  that  of  a  Japanese  structure  known 
as  the  "Shogun's  Bridge"  in  the  sacred  City  of  Nikko,  which  bridge 
was  erected  about  500  or  600  a.d.  It  has  stone  piers  or,  more  strictly 
speaking,  bents;  for  the  cjdindrical  columns  are  pierced  with  rectangular 
holes  to  permit  of  the  insertion  of  tightly  fitting,  cut-stone  struts.  The 
superstructure,  which  is  mainly  of  timber,  consists  of  beams  jutting  out 
from  each  pier,  with  the  gap  between  their  ends  spanned  by  other  beams, 
making  true  cantilever  construction.  As  the  author  hved  within  a 
short  distance  of  this  bridge  during  two  summers  of  his  sojourn  in  Japan 
in  the  early  eighties,  he  became  quite  familiar  with  its  appearance,  which 
is  truh'  artistic — hke  most  other  Japanese  constructions.  Fig.  le,  re- 
produced from  a  photograph  which  he  secured  at  that  time,  gives  a  rather 
inadequate  representation  of  its  aesthetic  nature.  The  wooden  portion 
of  the  bridge  has  since  been  destroj'ed  by  fire  and  replaced.  Of  course, 
the  timber  parts  of  this  historic  structure  must  have  been  renewed  many 
times  during  the  centuries  that  have  passed  since  its  first  construction; 
but  it  is  claimed,  and  probably  with  truth,  that  the  stone  bents  which 
form  the  substructure  are  those  originally  built. 

The  Chinese  are  believed  to  have  constructed  cantilever  bridges  many 
centuries  ago.  A  cantilever  bridge  built  in  1650  a.d.  at  Wandipore,  Tibet, 
had  a  span  of  112  feet  and  lasted  150  years.  It  was  a  timber  structure 
put  together  with  wooden  pegs,  and  wdthout  metal  of  any  kind  being 
used  in  the  span.  The  Hindoos  are  also  credited  with  having  built  can- 
tilever spans  at  a  very  remote  age.  The  development  of  the  cantilever, 
however,  did  not  proceed  very  far  until  modern  times,  when  the  truss 
form  of  structure  had  become  established  and  when  iron  and  steel  con- 
stituted the  materials  of  construction. 

Another  and  later  form  of  bridge  and  one  requiring  a  higher  degree 
of  skill  and  intelligence  than  the  other  types  referred  to  was  the  arch. 
The  construction  of  masoiu-y  arches  began  before  the  days  of  authentic 
history;  and  it  is  impossible  to  determine  to  whom  should  be  given  the 
credit  of  building  the  first  bridge  of  that  type.  It  is  Hkely  that  the  pre- 
viousl}'  mentioned  "corbeled  arch"  such  as  used  by  the  ancient  Greeks 
was  the  precursor  of  the  true  arch.  As  before  stated,  corbeled  stone 
arches  were  used  by  the  Egj^ptians  in  the  Pyramid  of  Gizeh,  dating  back 
some  three  or  four  thousand  years  before  the  Christian  Era;  and  brick 
arches  of  crude  form  are  found  in  the  ruins  of  Thebes  in  structures  that 
were  probably  built  about  2900  b.c.  Before  the  founding  of  Rome,  the 
Etruscans  in  Italy  had  used,  quite  largely,  arches  of  the  corbeled  type, 
and  occasionally  the  true  arch;  and  the  Romans  doubtless  drew  from 
them  their  early  knowledge  of  that  style  of  construction.  A  true  stone 
arch  was  found  in  a  tomb  in  Thebes,  which  tomb  is  thought  to  have  been 
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constructed  about  1540  b.c.  But  all  of  these  may  have  been  antedated 
by  a  true  stone  arch  found  in  a  pj'^ramid  of  red  sandstone  on  the  island 
of  Meroe,  in  Ethiopia.  Some  authorities  consider  this  to  be  the  earliest 
arch  known  and  that  the  Egyptians  obtained  their  knowledge  of  arches 
from  the  Ethiopians.  All  of  the  arches  above  mentioned  are  of  short 
span;  and  it  is  not  certain  that  either  of  these  peoples  appUed  the 
arch  to  bridge  construction.  It  is  very  unlikely  that  the  Egyptians  ever 
built  any  large  spans  of  that  type,  as  they  mistrusted  the  arch,  saying 
that  "it  never  sleeps";  that  is,  they  believed  that  the  horizontal  pressure 
on  its  abutments  would  eventually  accomplish  its  destruction.  The  Hin- 
doos, too,  have  always  refused  to  adopt  the  arch,  saying,  as  did  the  Egyp- 
tians, that  "it  never  sleeps."  Because  of  this,  as  has  been  previously 
noted,  they  constructed  suspension  bridges  many  centuries  ago;  and  they 
are  believed  to  have  built  cantilever  structures  as  well. 

The  inhabitants  of  the  valleys  of  the  Euphrates  and  the  Tigris  also 
were  familiar  with  the  arch  at  a  very  early  period.  The  Babylonians  built 
pointed  brick  arches  for  sewers  certainly  as  early  as  1300  b.c,  and  some 
of  them  are  beUeved  to  date  back  to  4000  b.c.  In  the  time  of  Nimrod, 
about  2200  b.c,  the  River  Euphrates  in  the  City  of  Babylon  was  crossed, 
it  is  claimed,  by  a  single  brick  arch  thirty  feet  wide  and  six  hundred  and 
sixty  feet  long;  but  this  information  must  be  taken  cum  grano  salis.  It 
is  more  than  likely  that  the  total  length  of  the  arch  bridge  was  six  hun- 
dred and  sixty  feet,  and  that  the  spans  were  short,  because  there  is  a 
record  of  another  Babylon  bridge  of  just  that  length,  composed  of  stone 
piers  supporting  a  wooden  platform,  as  previously  described.  This  struc- 
ture maj^  very  well  have  been  the  first  large  arch  bridge  ever  constructed. 

The  Chinese  have  employed  the  true  semi-circular  arch  for  ages,  and 
have  brought  its  construction  to  a  very  high  plane  of  excellence,  although 
their  old  spans  were  always  short.  Arches  were  built  in  their  Great 
Wall  about  214  b.c,  but  the  time  when  they  were  first  introduced  in 
China  is  unknowTi.  Chin-nong,  who  is  supposed  to  have  lived  about 
2900  B.C.,  is  said  to  have  constructed  bridges  over  navigable  streams,  but 
their  type  is  not  stated,  and  the  date  is  very  uncertain.  It  may  be  that 
to  him,  and  not  to  the  Babylonians,  belongs  the  honor  of  having  constructed 
the  first  large  arch  bridge. 

However,  it  remained  for  the  Romans  to  bring  the  masonry  arch  to 
its  high  degree  of  development  during  the  eleven  centuries  succeeding 
the  construction  of  Pons  Sublicius  previously  mentioned.  Many  notable 
bridges,  which  were  built  by  them  in  this  period,  are  characterized  by 
the  semicircular  masonry  arch.  Tarquinius  Priscus  is  reputed  to  have 
constructed  a  three-span  bridge  of  this  type,  known  as  Pons  Salarius,  over 
the  Teverone,  as  early  as  600  B.C.  Probably  the  first  stone  arch  bridge 
over  the  Tiber  at  Rome  was  Pons  ^Emilius,  built  about  178  b.c.  on  the 
site  of  the  modern  Ponte  Rotto.  It  was  followed  in  100  b.c.  by  a  similar 
structure  called  Pons  Milvius,  which  exists  today  under  the  name  of 
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Ponte  Molle,  and  contains  portions  of  the  original  construction.  Pons 
Fabricius,  a  masonry  arch  bridge  of  two  eighty-foot  spans,  also  over 
the  Tiber  at  Rome,  was  built  about  62  b.c.  This  still  exists  under  the 
name  of  Ponte  Quattro-Capi,  and  is  yet  in  use,  with  nearly  the  entire 
structure  in  its  original  condition.  In  all,  the  Romans  built  eight  bridges 
over  the  Tiber  within  the  City  of  Rome,  concerning  which  structures  our 
knowledge  is  certain,  and  there  are  evidences  that  several  others  existed 
as  well;  and  many  other  bridges  were  built  at  various  places  throughout 
the  Empire.  Some  of  these  were  portions  of  the  magnificent  system  of 
stone  roads  which  ran  in  all  directions  from  the  Eternal  City,  while 
others  were  temporary  bridges  constructed  for  military  purposes  only. 

A  large  timber  arch  bridge  was  the  one  over  the  Danube  in  Hungary, 
which  was  constructed  by  the  order  of  the  Emperor  Trajan  in  104  a.d. 
It  was  designed  and  built  by  Apollodorus  of  Damascus,  the  greatest 
engineer  of  that  period,  and  contained  twenty  wooden  arch  spans  resting 
on  cut-stone  piers.  There  is  good  reason  for  believing  that  the  length 
of  each  span  may  have  been  as  much  as  170  feet. 

The  Romans  constructed  also  many  arched  sewers,  some  of  which  are 
still  in  use,  and  many  aqueducts,  some  of  which  were  carried  over 
valleys  and  streams  on  large  masonry  arch  bridges.  One  of  the  best 
known  of  these  aqueducts  is  the  Pont  du  Gard,  built  in  19  B.C.,  to  supply 
the  city  of  Nimes  in  France  with  water;  and  it  is  still  used  for  that  pur- 
pose. It  is  in  three  stories,  and  has  a  length  of  885  feet,  the  greatest 
height  being  160  feet. 

The  Romans  brought  the  art  of  constructing  the  semicircular  stone 
arch  to  a  high  degree  of  perfection.  They  employed  cut-stone  voussoirs, 
fitted  together  without  mortar;  and  so  exactly  was  the  work  done  that 
they  appear  to  have  been  ground.  A  hydrauUc  cement  of  a  pozzuolanio 
nature  was  employed  for  the  making  of  concrete,  which  was  utilized  for 
backfilling  arches,  laying  up  walls,  lining  aqueducts,  and  many  other 
purposes.  A  great  deal  of  it  is  nearly  perfect  after  two  thousand  years. 
The  arches  were  usually  of  short  span,  but  some  of  them  were  about 
one  hundred  and  twenty  (120)  feet  long,  comparing  very  favorably  mth 
similar  bridges  of  the  present  day.  Their  subaqueous  foundation  work 
was  not  so  good,  as  the  piers  generally  rested  on  stones  piled  up  on  the 
river-bed,  which  was  not  always  excavated  previously;  and  their  width 
was  usually  about  one-third  of  the  clear  span.  On  account  of  the  result- 
ing contraction  of  the  stream  and  the  unsatisfactory  foundations,  the 
piers  were  frequently  undermined.  In  some  of  their  structures,  the  span- 
drels over  the  piers  were  pierced  with  small  arches,  in  an  effort  to  increase 
the  waterway. 

With  the  fall  of  Rome,  bridge  construction  in  Europe  came  to  a  stop, 
and  for  many  centuries  little  progress  was  made.  In  consequence,  the 
magnificent  system  of  roads  and  bridges  of  the  Roman  Empire  soon  fell 
into  decay,  very  few  bridges  being  built,  and  nearly  all  of  these  being 
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poorly  constructed.  Probably  the  pioneer  bridge  builders  of  the  Mid- 
dle Ages  were  the  Moors  in  Spain.  In  the  twelfth  century  the  Benedic- 
tine monks  founded  a  religious  order  known  as  the  "  Brothers  of  the  Bridge  " 
(Fratres  Pontis),  the  duty  of  whose  members  was  the  construction  and 
repair  of  bridges;  and  under  their  leadership  considerable  work  was  done. 
Their  substructure  work  was  notably  better  than  that  of  the  Romans. 
There  were  a  few  other  notable  contributions  to  bridge  building  made 
during  this  period.  The  Gothic  or  pointed  arches  appeared  about  the 
thirteenth  century,  and  the  segmental  and  elliptical  arches  about  the 
same  time.  The  Gothic  arches  were  never  widely  used  for  bridges,  to 
which  their  outline  is  ill  adapted;  but  the  other  types  mentioned 
soon  found  much  favor,  and  even  today  they  are  employed  for 
many  structures.  The  segmental  type  was  adopted  in  1380  for  the 
construction  of  a  granite  arch  of  two  hundred  and  fifty-one  (251)  feet 
span  and  eighty-seven  (87)  feet  rise  over  the  Adda  River  at  Trezzo,  in 
Italy.  It  was  of  unprecedented  size,  and  it  was  not  until  the  opening 
years  of  the  present  century  that  a  masonry  arch  of  longer  span  was 
constructed.  It  was  destroyed  in  1410,  but  the  abutments  remained  until 
recent  years.  The  elastic  arch,  as  distinguished  from  the  voussoir  arch, 
did  not  make  its  appearance  until  the  early  part  of  the  nineteenth  cen- 
tury. The  first  span  of  this  type  was  the  wrought-iron  foot  bridge  de- 
signed by  the  French  engineer  Bruyere  and  built  over  the  river  Crou  at 
St.  Denis,  in  1808.  However,  it  was  nearly  the  middle  of  the  nineteenth 
century  before  the  superiority  of  wrought  iron  was  recognized  and  cast  iron 
was  discarded  for  bridge  purposes.  The  development  of  the  elastic  theory 
gave  a  basis  for  rational  designing,  and  the  introduction  of  steel  and  rein- 
forced concrete  has  led  to  the  present  high  status  of  arch  bridge  building. 

A  somewhat  later  form  than  the  beam,  suspension,  cantilever,  or  arch 
type,  perhaps,  is  the  pontoon  bridge,  for  some  skill  in  boat  building  must 
have  been  developed  before  pontoons  could  have  been  used  for  support- 
ing the  spans.  The  Chinese  are  believed  to  have  built  pontoon  bridges, 
as  well  as  cantilevers,  many  centuries  ago,  and  to  have  provided  means 
for  opening  some  of  the  spans  for  passing  vessels.  Homer,  who  lived 
some  time  between  800  and  1000  b.c,  writes  as  though  bridges  were  com- 
mon in  his  day,  and  mentions  in  particular  pontoon  bridges  for  the  pas- 
sage of  armies.  It  is  known  that  the  Persian  kings  Cyrus,  Darius,  and 
Xerxes  about  500  b.c.  used  pontoon  bridges  for  military  purposes,  cross- 
ing in  this  manner  the  Hellespont,  the  Bosphorus,  and  even  the  Danube, 
and  that  Alexander  the  Great  constructed  similar  bridges  about  330  b.c. 
Very  little  change  in  this  form  of  construction  has  occurred,  as  other 
types  have  proved  more  desirable  for  permanent  structures. 

The  last  form  of  bridge  construction  to  be  evolved,  but  the  one  des- 
tined to  promote  the  highest  development  of  the  art  of  bridge  building, 
was  the  truss.  It  remained  for  Palladio,  an  Italian  architect  of  the  six- 
teenth century,  to  invent  several  trusses  (making  use  of  the  panel  principle) 
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which  were  quite  similar  in  form  to  our  modern  types.  He  constructed 
many  bridge  and  roof  trusses  of  timber,  and  wrote  an  elaborate  treatise 
on  architecture,  in  which  they  were  fully  described.  Unfortunately  for 
mankind,  his  discovery  was  allowed  to  lie  unnoticed  for  several  centuries. 
A  notable  advance  in  bridge  construction  occurred  about  1760,  when 
John  and  Ulrich  Grubenmann  built  several  timber  spans  near  Baden, 
Germany,  the  largest  being  one  of  three  hundred  and  ninety  (390)  feet 
over  the  Limmat  at  Wittengen — the  longest  timber  span  on  record.  The 
members  of  these  structures  were  arranged  in  a  complicated  manner  that 
would  defy  stress  computation.  Prof.  Wm.  H.  Burr,  in  his  "Design  and 
Construction  of  Metallic  Bridges,"  describes  it  as  consisting  "more  nearly 
of  a  superposition  of  a  number  of  queen-post  trusses  with  some  timbers 
disposed  throughout  its  length  in  such  a  way  as  to  act  somewhat  like 
an  arch." 

So  far  attention  has  been  directed  to  the  development  of  superstruc- 
ture forms,  with  but  brief  mention  of  substructure  work.  It  has  been 
noted  that  the  subaqueous  work  of  the  Romans  was  inferior  to  that  of 
their  superstructure.  Apollodorus,  in  the  construction  of  the  bridge  over 
the  Danube  previously  mentioned,  employed  some  form  of  caisson  for 
building  the  piers ;  while  for  some  other  structures  foundation  piles,  driven 
until  their  tops  were  below  low  water,  appear  to  have  been  used.  They 
always  tried  to  locate  their  piers  so  that  the  bases  could  be  laid  in  the 
dry;  and  they  preferred  rock  foundations.  The  foundations  of  London 
Bridge,  begun  in  1176  by  Peter  of  Colechurch,  consisted  of  strong  elm 
piles,  driven  deep,  with  a  timber  platform  thereon  to  support  the  mason- 
ry of  the  shafts.  This  work  proved  to  be  very  substantial,  and  the  piers 
of  several  other  bridges  were  built  in  a  similar  manner.  Gradually  further 
improvements  in  substructure  work  were  made,  but  it  was  not  until  1635 
that  a  dredging  machine  was  employed  for  the  first  time  in  the  construc- 
tion of  a  bridge  at  Maastricht  in  Holland,  and  nearly  a  century  later  a  saw 
was  invented  which  would  cut  off  piles  sixteen  feet  under  water.  In 
constructing  the  piers  for  the  bridge  of  the  Tuileries,  which  was  designed 
by  Mansard  and  begun  in  1685,  Frere  Romaine  used  a  dredging  machine 
to  prepare  the  bed  of  the  river,  and  then  sank  a  barge  filled  Avith  stones, 
afterward  surrounding  it  Avith  piles  and  a  jetty.  He  then  lowered  into 
the  barge  a  chest  containing  courses  of  stone  cramped  together. 

In  1738,  Labelye,  in  building  Westminster  Bridge  over  the  Thames 
at  London,  used  a  similar  t^qie  of  construction.  His  work  is  better  known, 
and  he  is  generally  credited  with  being  the  originator  of  the  modern  type 
of  caisson.  It  appears  to  be  uncertain  whether  he  simply  dredged  away 
the  soft  mud  in  the  bed  of  the  river  in  preparing  the  foundations  of  his 
piers,  or  whether  he  drove  piles,  cut  them  off,  and  built  thereon  a  plat- 
form of  timber.  The  caissons  were  boxes  with  watertight  bottoms  and 
sides,  and  were  sunk  to  the  foundation  prepared  by  one  of  the  methods 
described  above,  with  the  tops  always  remaining  above  the  water.     The 
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masonry  was  built  up  inside  the  caisson  until  it  was  above  the  water 
level,  and  then  the  timber  sides  were  removed.  Sheet  piling  was  driven 
later  to  protect  the  foundation  against  scour,  a  pile-driver  run  by  three 
horses  being  used  for  the  purpose.  The  piers  were  undermined  by  scorn- 
after  several  years,  hence  it  is  not  likely  that  they  rested  on  piles. 

We  have  followed  in  a  brief  way  the  evolution  of  the  form  of  structure 
dowTi  to  the  nineteenth  century,  when  men  of  scientific  attainments  began 
to  study  the  subject.  It  \Adll  now  be  well  to  revert  to  ancient  times  and 
observe  the  various  materials  used  by  early  man  in  his  bridge  construc- 
tion and  see  the  hmitations  imposed  by  them  upon  his  efforts.  Prehis- 
toric man  had  at  his  command  wood,  stone,  and  fibrous  plants.  These 
he  had  to  use  in  their  natural  condition,  for  he  had  no  tools  with  which 
to  fashion  his  material.  For  many  centuries  these  substances  continued 
to  be  the  only  ones  available  for  bridge  construction,  while  the  improve- 
ments made,  due  to  the  gradual  introduction  of  tools,  were  in  the  nature 
of  refinements  in  workmanship.  It  is  readily  seen  that,  with  a  material 
Uke  wood  or  stone,  beam  spans  could  not  attain  a  very  great  development, 
i.e.,  thej'  could  not  be  emplo3^ed  for  long  spans  or  for  carrying  heavy 
loads — nor  could  the  suspension  span  built  of  vegetable  or  animal  fibre 
surpass  in  any  great  degree  the  work  of  prehistoric  man.  The  stone  arch, 
because  its  form  produces  an  internal  compression  and  by  reason  of  the 
adaptability  of  its  material  to  resist  that  compression,  admitted  of  greater 
development  than  the  other  types.  Again,  the  invention  of  the  truss  form 
permitted  timber  to  be  used  to  greater  advantage  than  it  had  ever  been 
before.  With  the  introduction  of  iron  into  bridge  construction,  a  larger 
field  was  first  opened  up  for  the  suspension  type  of  span,  while  the  new 
material  had  little  effect  upon  arches,  beams,  and  cantilevers  until  later 
when  it  and  its  derivatives  became,  in  conjunction  with  rational  design- 
ing, one  of  the  most  important  factors  in  the  evolution  of  the  modern 
bridge.  So  important  is  the  effect  of  this  innovation  that  it  will  be  given 
special  consideration  further  on  in  this  chapter.  For  the  present  it  will 
suffice  to  note  that  there  has  been  a  reciprocal  effect,  an  action  and  a 
reaction  on  each  other,  between  the  form  of  construction  and  the  material 
composing  it. 

We  shall  next  consider  the  evolution  that  has  taken  place  in  the  methods 
of  design  and  the  very  potent  influence  that  this  factor  has  had  in  the 
development  of  bridge  building. 

Throughout  the  centuries  of  bridge  development  thus  far  discussed, 
the  designer  and  builder  had  relied  entirely  on  his  experience  and  judg- 
ment, there  being  no  theory  to  which  he  could  turn  for  aid.  As  a  result, 
progress  had  been  slow;  and  the  bridges  of  the  eighteenth  century  were 
little  better  than  those  built  two  thousand  years  before  by  the  Romans, 
except  in  the  foundations.  But  during  the  seventeenth  and  eighteenth 
centuries  men  commenced  to  study  the  phenomena  of  nature  anew,  and 
the  development  of  modem  science  began.     The  fundamental  laws  of 
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physics  and  chemistry  were  discovered,  and  a  basis  for  rational  engi- 
neering theory  was  laid.  Gradually  correct  methods  of  design  were  evolved, 
leading  naturally  to  the  marvellous  expansion  of  the  last  century.  Galileo 
announced  a  law  of  stress  variation  in  beams  as  early  as  1638,  but  it  was 
grossly  incorrect.  Hooke  stated  in  1678  one  of  the  fundamental  laws  of 
mechanics  of  materials,  that  of  the  proportionality  of  stress  and  strain — 
'^ut  tensio  sic  vis."  Marriotte  in  1680  proved  experimentally  that  the 
fibres  on  one  side  of  a  beam  were  compressed  and  those  on  the  other 
side  extended,  and  assumed  the  neutral  axis  to  pass  through  the  centre 
of  gravity  of  the  section.  Bernoulli  in  1694  applied  Marriotte's  law  to 
determine  the  deflections  of  beams. 

A  great  impetus  was  given  to  scientific  design  in  1716,  when  the  French 
Government  organized  the  Department  of  Roads  and  Bridges  (Departement 
des  Fonts  et  Chaussees),  the  first  engineer-in-chief  being  Gabriel.  A  draw- 
ing school  in  connection  therewith  was  started  in  1747;  and  in  1760  it  was 
enlarged  to  become  the  Ecole  des  Fonts  et  Chaussees,  the  noted  engineer 
Perronet  being  placed  in  charge.  About  this  time  the  French  assumed 
the  lead  in  bridge  engineering  and  held  it  for  a  long  time;  and  from  them 
came  the  knowledge  and  inspiration  of  the  early  English  engineers.  Parent 
in  1713  armounced  the  equality  of  the  compressive  and  tensile  stresses, 
which  for  a  uniform  variation  of  stress  located  the  neutral  axis  at  the 
centre  of  gravity.  Little  attention  was  paid  to  his  discovery,  however, 
and  in  1773  Coulomb  stated  it  independently.  Even  after  this  its  im- 
portance was  not  realized  for  many  years.  Navier  put  the  design  of 
beams  on  a  firm  basis  in  1824,  and  developed  quite  fully  the  theory  of 
their  deflection.  He  assumed  the  equality  of  the  moments  of  the  tensile 
and  compressive  stresses  about  the  neutral  axis,  which  is  true  for  sym- 
metrical sections  only.  Professor  Eaton  Hodgkinson  published  in  Eng- 
land the  first  correct  treatment  of  beam  designing  at  about  the  same 
time  as  Navier.  Finally  Saint- Venant,  a  pupil  of  Navier's,  gave  in  1857 
a  complete  and  accurate  analysis  of  the  strength  of  beams,  both  at  the 
elastic  limit  and  at  the  ultimate  strength. 

While  the  theory  of  beam  action  was  being  developed,  other  investi- 
gators were  studying  the  resistance  of  columns.  Euler  developed  his  fa- 
mous column  formula  in  1744,  using  Bernoulli's  work  as  a  basis;  and 
Lagrange  and  Navier  later  extended  his  work.  In  1840  Prof.  Eaton 
Hodgkinson  published  some  tests  on  cast  and  wrought  iron  columns  and 
determined  constants  for  Euler's  formula,  from  which  fact  it  is  frequently 
known  as  Hodgkinson's  formula.  It  has  been  considerably  used,  espe- 
cially in  Europe,  but  is  strictly  applicable  only  to  very  large  values  of 
the  ratio  of  length  to  radius  of  gyration,  and  is  not  generally  considered 
suitable  for  actual  columns  by  American  engineers.  The  formula  now 
known  as  Gordon's  Formula  was  published  originally  by  Thomas  Tred- 
gold;  but  the  empirical  constants  for  it  were  determined  by  Lewis  Gor- 
don, using  the  Hodgkinson  experiments  just  mentioned.     This  formula 
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was  later  modified  by  Rankine;  and  in  the  changed  form,  known  as  the 
Gordon-Rankine  Formula,  it  has  been  widely  employed.  It  still  finds 
some  favor,  and  it  has  generally  been  regarded  by  American  and  English 
engineers  as  being  more  rational  than  any  other  that  has  been  proposed, 
though  a  good  many  disagree  with  this  view.  Some  thirty  years  ago 
Edwin  Thacher  and  T.  H.  Johnson,  both  recognized  American  authori- 
ties in  bridge  engineering,  pointed  out  that  a  right-line  formula  could 
be  evolved  to  represent  quite  satisfactorily  the  average  of  a  great  num- 
ber of  authentic  column  tests;  and  while  it  is  purely  empirical  in  form, 
it  has  been  adopted  very  generally  throughout  the  United  States  on  ac- 
count of  its  simplicity.  Column  formulse  have  also  been  proposed  by 
Merriman,  J.  B.  Johnson,  Marston,  and  others,  and  while  each  has  pos- 
sessed some  individual  merit,  none  of  them  has  been  adopted  to  any 
extent.  A  great  many  tests  and  researches  concerning  columns  have 
been  made  in  the  past,  and  some  important  ones  are  under  way  at  the 
present  time;  and  it  is  to  be  hoped  that  ere  long  their  designing  and 
detailing  may  be  put  on  a  more  rational  basis. 

The  theory  of  the  masonry  arch  has  received  attention  since  the  time 
of  Newton,  and  many  volumes  have  been  written  on  the  subject,  but  the 
results  have  never  been  altogether  satisfactory.  The  theory  of  the  elastic 
arch  and  its  application  to  metal  arch  ribs  has  been  developed  since  1840. 
In  1879  Wey ranch  demonstrated  the  four  fundamental  equations  upon 
which  the  elastic  theory  is  based,  and  these  have  formed  the  foundation 
for  further  treatment  by  subsequent  investigators  and  writers.  In  1890 
the  Austrian  Society  of  Engineers  and  Architects  conducted  a  series  of 
elaborate  tests  on  arches  used  in  buildings  and  bridges;  and  an  exhaus- 
tive report  thereon  was  published  in  1895.  The  general  conclusion 
reached  was  that  the  theory  of  elasticity  gives  the  only  solid  foundation 
for  theoretic  investigation  of  all  arches.  For  the  steel  arch  the  agree- 
ment between  the  observations  and  the  predictions  of  the  elastic  theory 
was  particularly  satisfactory.  This  theory  has  come  into  general  use 
in  the  design  of  reinforced  concrete  arches. 

As  has  already  been  stated,  the  truss  idea  and  the  use  of  the  panel 
were  discovered  in  the  sixteenth  century  by  Palladio.  Little  attention 
was  paid  to  his  work  in  Europe,  and  it  remained  for  American  engineers 
to  develop  rational  methods  of  analysis  in  the  first  half  of  the  nineteenth 
century.  Palmer,  Burr,  and  Wernwag  built  combination  arch  and  truss 
bridges  in  the  early  years  of  the  century,  apparently  with  little  appre- 
ciation of  the  stresses  involved;  and  Town,  Long,  Howe,  and  the  Pratts 
invented  pure  truss  types  soon  afterward,  but  were  unable  to  figure  the 
stresses  in  the  various  parts.  In  1847  Squire  Whipple  published  at  Utica, 
N.  Y.,  a  ''Work  on  Bridge  Building,"  which  gave  the  analysis  of  stresses 
in  trusses  in  a  surprisingly  complete  manner,  while  Herman  Haupt  pub- 
lished independently  an  inferior  treatise  in  1851.  Whipple's  book  laid 
the  foundation  for  the  rational  design  of  simple  trusses;   but  it  has  re- 
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mained  for  writers  of  the  present  day  to  develop  the  analysis  of  continu- 
ous beams  and  trusses,  and  of  indeterminate  structures  and  similar  prob- 
lems. Most  of  the  important  contributions  have  come  from  American 
and  German  WTiters. 

The  study  of  secondary  stresses  has  progressed  much  of  late  years, 
and  every  effort  is  being  made  to  minimize  their  effects  in  bridges,  espe- 
cially in  view  of  the  increasing  use  of  riveted  connections.  One  of  the 
most  noteworthy  features  of  the  latest  design  for  the  Quebec  Bridge  is 
the  adoption  of  the  "K"  type  of  trussing,  which  type  is  remarkably 
free  from  secondary  stresses.  The  secondary  truss-members  now  in  use 
in  most  American  long-span  bridges  cause  rather  large  secondary  stresses; 
but  it  is  practicable  to  eliminate  them — at  least  in  part.  The  calculation 
of  these  stresses  is  very  tedious,  and  the  resulting  figures  are  rather  un- 
certain. The  best  practice  tends  toward  their  reduction  as  far  as  possible 
rather  than  toward  the  making  of  any  quantitative  provision  for  them. 
A  committee  of  the  American  Railway  Engineering  Association  is  studying 
this  question  at  present,  and  has  already  made  one  valuable  report  upon  it. 

As  previously  stated,  American  practice  used  to  pay  no  attention  to 
aesthetics  in  bridge  building;  but  conditions  in  this  respect  are  rapidly 
changing.  The  extensive  emplojonent  of  reinforced  concrete  for  short- 
span  bridges  makes  their  aesthetic  treatment  comparatively  simple;  be- 
cause there  is  little  excuse  for  building  an  ugly  concrete  bridge.  Where 
steel  construction  is  adopted,  attempts  are  being  made  to  obtain  the 
best  possible  appearance,  either  by  means  of  the  arch  (the  ideal  solution 
when  practicable)  or  by  polygonal  top  chords,  which  tend  to  produce  a 
graceful  effect.  While  the  methods  of  design  had  been  undergoing  de- 
velopment there  was  a  somewhat  parallel  development  of  material  to 
meet  the  more  and  more  exacting  demands  of  rational  design.  For  this 
reason  the  discussion  of  the  evolution  of  materials  which  was  previously 
interrupted  will  now  be  resumed.  It  has  been  pointed  out  how  progress 
lagged  until  the  introduction  of  iron  into  the  construction,  the  first  at- 
tempt being  the  use  of  iron  chains  in  suspension  bridges  some  five  cen- 
turies ago,  the  employment  of  iron  in  the  other  types  of  spans  coming 
much  later.  Although  the  manufacture  of  cast  iron  began  in  the  fifteenth 
century,  it  was  not  until  1776  that  the  first  cast-iron  span  was  built  at 
Coalbrookdale,  England,  over  the  Severn  River.  This  bridge,  which  is 
still  in  use  today,  is  an  arch  structure,  the  central  span  having  a  length 
of  one  hundred  feet.  It  is  composed  of  semicircular  ribs  made  up  of 
separate  voussoirs.  Quite  a  number  of  cast-iron  bridges  were  built  in 
Europe  within  the  following  one  hundred  years,  nearly  all  of  them  being 
of  the  arch  type.  The  brittleness  of  the  metal  rendered  it  an  unsatis- 
factory material  for  bridges,  and  quite  a  number  of  failures  occurred, 
especially  under  railway  traffic.  The  first  iron  railroad  bridge  was  con- 
structed in  1823  on  the  Stockton  and  Darlington  Railway  in  England. 
In  1847  when  the  Conway  and  Britannia  bridges  were  to  be  designed, 
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Rcibert.  Stephenson  had  a  series  of  experiments  on  the  strength  of  cast  and 
WTOUght  iron  made  by  William  Fairhairn  and  Eaton  Hodgkinson,  show- 
ing the  great  superiority  of  the  latter  material;  and  it  was,  therefore, 
deeided  to  adopt  tubular  bridges  of  wrought  iron  rather  than  cast-iron 
arches.  Within  the  next  twenty  years  thereafter  the  use  in  Europe  of 
cast  iron  for  the  main  members  of  bridges  practically  ceased;  but  it  was 
continued  in  America  in  important  railroad  structures  a  decade  longer. 

Iron  was  first  rolled  into  structural  shapes  by  Cord,  of  England,  in 
1783;  and  lattice  bridges  were  first  constructed  there  about  1824.  In 
the  earlier  trusses  the  compression  members  were  of  cast  iron  and  the 
tension  members  of  wrought  iron,  but  the  former  material  gradually  gave 
place  to  the  latter.  Wrought-iron  bridges  were  usually  built  as  arches 
or  as  bowstring  or  lenticular  trusses  (all  modeled  more  or  less  after  the 
stone  arch),  plate-girders,  particularly  of  the  tubular  type,  and  multiple 
intersection  or  lattice  trusses;  but  a  number  of  suspension  bridges  were 
also  built  of  this  material. 

In  1828  steel  of  the  puddled  variety  was  first  utilized  in  bridgework 
for  the  eye-bar  chains  of  the  300-foot  suspension  span  at  Vienna,  Austria; 
but  for  many  succeeding  years  its  employment  in  bridge  construction  was 
practically  discontinued.  The  Bessemer  process  for  the  manufacture  of 
steel  was  invented  in  1855,  and  the  Siemens-Martin  open-hearth  process 
soon  afterward.  The  development  of  the  steel  industry,  however,  was 
rather  slow,  and  wrought  iron  remained  the  almost  universal  bridge  metal 
until  1880;  but  between  then  and  1890  open-hearth  steel  came  into 
vogue,  supplanting  entirely  the  wrought  iron.  Bessemer  steel  was  never 
popular  for  bridgework  on  account  of  its  lack  of  reliability,  and  especially 
because  of  its  occasional  tendency  to  crack  under  shop  manipulation; 
nevertheless,  strange  to  say,  it  was  adopted  for  building  the  great  Forth 
Bridge. 

Natural  cement  was  applied  to  bridge  construction  in  the  early  part 
of  the  nineteenth  century,  and  masonry  work  was  much  improved  thereby. 
The  development  of  the  Portland  cement  industry,  most  of  which  has 
taken  place  since  1855,  provided  a  more  reliable  material;  and,  as  a  re- 
sult, plain  concrete  has  come  into  very  extensive  use  both  for  arch  bridges 
and  for  the  substructures  of  other  forms  of  bridge  construction.  The 
introduction  of  Portland  cement  was  responsible  for  the  development  of 
a  new  material  of  construction — reinforced  concrete.  The  idea  of  in- 
creasing the  tensile  strength  of  mortar  or  concrete  by  embedding  therein 
rods  of  metal  or  sticks  of  timber  was  not  entirely  new,  as  the  Romans 
had  used  the  former  to  a  limited  extent  in  the  construction  of  roofs  of 
tombs,  and  the  Chinese  had  employed  the  latter  in  building  the  Great 
Wall.  About  1840  attempts  were  made  in  Paris  to  construct  floor  slabs 
of  plaster-of-paris  reinforced  with  iron  rods  and  bars;  but  the  metal  was 
found  to  rust  rapidly.  The  reinforcement  of  Portland  cement  mortar 
or  concrete  by  iron  rods  or  wires  was  first  proposed  in  1850  by  a  French 
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contractor,  M.  Lambot,  who  constructed  a  small  boat  in  that  manner. 
In  1854  an  English  plasterer  named  Wilkinson  obtained  a  patent  for  a 
reinforced  concrete  floor  construction;  and  in  the  following  year  M. 
Frangois  Coignet,  a  French  contractor,  was  granted  a  similar  patent. 
In  1861  Coignet  proposed  to  build  arches,  beams,  and  pipes  in  this  man- 
ner, and  Monier,  a  Parisian  gardener,  about  the  same  time  began  the 
construction  of  concrete  tubs  and  tanks  reinforced  with  wire.  Both 
Coignet  and  Monier  exhibited  their  work  at  the  Paris  Exposition  in  1867; 
and  in  that  year  Monier  patented  his  well-known  system  of  reinforcement. 
For  a  good  many  years  thereafter,  however,  reinforced  concrete  was  but 
little  employed  in  Europe.  About  1879  Hennebique,  in  France,  began 
building  slabs  of  it,  but  did  not  patent  his  system  of  reinforcement  until 
1892.  In  1880  Wayss  bought  Monier's  German  rights;  and  he  and 
Bauschinger  published  tests  on  the  material  in  1884.  In  1892  Melan 
developed  in  Austria  the  system  which  bears  his  name;  and  about  the 
same  time  Moller  in  Germany  and  Wiinsch  and  von  Emperger  in  Hun- 
gary were  begimiing  their  well-known  work.  Methods  of  design  which 
were  reasonably  rational  were  evolved,  and  reinforced  concrete  soon  came 
into  common  use.  In  1899  Considere  published  the  results  of  a  very 
important  series  of  tests;  and  later  investigators  have  expanded  still  fur- 
ther the  knowledge  of  the  subject.  Today  the  material  is  used  very 
widely  in  Europe  for  bridges  of  all  kinds. 

The  advent  of  reinforced  concrete  has  extended  the  development  of 
beams  and  arches,  bringing  into  common  use  the  continuous  girder  and 
the  hingeless  arch;  while  the  improvement  in  steel  manufacture  and  the 
introduction  of  alloy  steels  have  made  possible  the  development  of  the 
truss  type  to  its  present  high  degree  of  effectiveness. 

Steel-bridge  construction  in  Europe  today  does  not  differ  essentially 
from  the  standard  American  practice,  although  a  few  years  ago  the  two 
were  quite  dissimilar;  for  pin-connected  structures  are  almost  unknown 
across  the  water,  while  until  lately  they  have  been  the  characteristic  style 
of  American  construction.  In  Europe  the  double  intersection  and  the 
multiple  intersection  trusses  are  still  quite  common,  but  in  America  the 
single-intersection  truss  has  supplanted  both  of  them.  There  is  one  feature 
of  European,  and  especially  of  English,  practice  that  is  essentially  differ- 
ent from  the  American,  viz.,  that  it  favors  the  employment  of  much 
smaller  truss  depths,  with  the  result  of  an  absence  of  economy  in  both 
weight  of  metal  and  cost  of  structure,  decidedly  greater  deflections  under 
live  load,  and  the  general  use  of  the  objectionable  pony-truss  for  short 
spans.  The  steel  trestle,  with  its  braced  towers  and  alternate  long  and 
short  spans,  which  is  so  characteristic  of  American  railway  construction, 
is  rarely  seen  in  Europe.  One  characteristic  difference  between  the  bridges 
of  America  and  those  of  Continental  Europe  is  that  the  latter  are  gener- 
ally much  mor(>  lesthetic,  American  engineers  having  had  the  bad  habit 
of  paying  far  more  attention  to  economy  than  to  appearance. 
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The  evolution  of  European  practice  during  modern  times  has  been 
profoundly  influenced  by  older  forms,  the  masomy  arch  in  particular. 
That  type  of  structure  itself  has  continued  to  be  a  favorite;  and  it  has 
been  used  extensively  for  both  short  and  long  spans,  the  longest  one 
being  that  of  Plauen,  in  Saxony,  with  a  span  of  295  feet.  A  few  depar- 
tures from  the  older  arch  types  are  to  be  noted.  The  open-spandrel  type 
has  been  employed  to  some  extent  for  longer  spans,  with  a  consequent 
reduction  in  the  load  to  be  earned;  and  hinges  have  been  used  in  sev- 
eral instances.  These  have  been  constructed  of  steel  or  granite,  or  have 
consisted  merely  of  sheets  of  lead  about  eight-tenths  (0.8)  of  an  inch 
thick  extending  across  the  middle  third  of  the  rib. 

Passing  now  entirely  to  the  development  of  bridge  engineering  in 
America,  it  is  to  be  observed  that  it  has  taken  place  along  lines  quite 
different  from  those  followed  in  Europe.  There  have  been  no  older  types 
of  structures  to  copy,  and,  as  before  stated,  there  has  been  very  little 
attention  paid  to  the  aesthetic  side.  Evolution  has  proceeded  mainly 
along  the  line  of  truss  development  with  many  varieties  proposed  and 
subjected  to  the  test  of  actual  use  and  an  elimination  of  the  impractical, 
uneconomic,  and  indeterminate  forms.  The  increasing  volume  of 
railway  traffic  has  been  one  of  the  main  factors  in  causing  the  develop- 
ment. The  crossing  of  America's  numerous  wide  rivers  has  presented 
many  problems  quite  different  from  those  encountered  in  European  prac- 
tice; and,  in  addition,  American  engineers  have  almost  always  had  to 
make  every  dollar  go  as  far  as  possible.  Much  temporary  construction 
has  been  necessary,  owing  to  the  lack  of  both  time  and  money  for  per- 
manent work. 

Prior  to  1840,  most  of  the  evolution  of  bridge  construction  in  the 
United  States  was  along  the  lines  of  the  wooden  truss  and  the  wooden 
arch.  The  earliest  important  bridge  built  in  this  country  was  the  "Great 
Bridge"  at  Boston,  Mass.  It  was  constructed  in  1662  of  timber  super- 
structure supported  by  pile  bents  placed  from  fifteen  to  twenty  feet  apart. 
A  few  other  bridges  of  the  same  type  were  built  in  New  England  prior 
to  1790.  In  the  last  decade  of  the  eighteenth  century,  the  building  of 
long-span  timber  bridges  began,  Timothy  Palmer  being  the  most  promi- 
nent constructor  thereof.  They  were  primarily  arch  spans,  although 
there  was  also  some  truss  action.  In  1804  Theodore  Burr  constructed 
the  bridge  over  the  Hudson  at  Waterford,  N.  Y.,  with  four  spans  varying 
in  clear  length  from  154  to  180  feet.  As  it  was  effectively  housed  in,  its 
timbers  did  not  decay;  and  it  lasted  until  1909,  when  it  was  burned. 
During  the  latter  portion  of  its  life  it  carried  heavy  interurban  cars.  The 
most  important  member  of  the  Burr  truss  was  an  arch  rib;  but  there 
was  also  a  very  satisfactory  all-wooden  truss  with  a  counter  in  every 
panel,  somewhat  like  that  exploited  later  by  Howe  and  named  after  him. 
Several  similar  wooden  bridges  were  built  by  Burr  within  the  next  few 
years;   and  in  1808  he  constructed  a  wooden  suspension  bridge  of  four 
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continuous  spans  across  the  Mohawk  at  Schenectady,  N.  Y.,  the  longest 
span  being  190  feet. 

In  1812  Lewis  Wernwag  erected  the  "Colossus  Bridge"  over  the 
Schuylkill  River  in  Philadelphia,  with  a  clear  span  of  340  feet.  It  was 
primarily  a  very  fiat  arch  with  some  truss  action,  and  was  the  longest 
all-wooden  bridge  ever  constructed  in  the  United  States. 

In  1810  Thomas  Pope  proposed  to  cross  the  Hudson  at  New  York 
with  a  3,000-foot  span  and  the  East  River  with  a  1,800-foot  span,  using 
his  ''Flying  Pendant  Lever  Bridge,"  a  fifty-foot  model  of  which  he  con- 
structed to  illustrate  his  scheme.  The  proposed  structure  consisted  of 
two  immense  cantilevers  of  timber  extending  out  from  massive  abutments; 
but  his  idea  was  too  far  advanced  for  his  time. 

In  1820  Ithiel  Town  patented  the  Town  lattice  truss,  shown  in  Fig, 
1/,  the  first  bridge  truss  essentially  American.     It  was  an  all-wooden 
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Fig.  1/.     Town  Lattice-Truss  Bridge. 


construction  with  a  multiple  intersection  webbing  that  consisted  of  a 
multitude  of  light  members;  and  it  has  been  the  prototype  of  many 
truss  forms  in  both  timber  and  metal.  It  soon  became  very  popular, 
and  many  bridges  were  constructed  from  Town's  plans,  the  gre^itest 
span  length  attained  being  220  feet.  The  trusses  were  of  uniform  section 
throughout,  and  were  proportioned  by  individual  judgment  rather  than 
by  analysis. 

The  Long  truss  was  patented  in  1830  and  1839;  and  its  inventor. 
Colonel  Long,  pu1)lishcd  in  1836  a  pamphlet  describing  it.  He  recognized 
clearly  the  true  function  of  the  panel  counterbrace. 

In  1840  William  Howe  patented  the  Howe  truss,  in  which  timber  was 
used  for  the  chords  and  the  web  diagonals  and  iron  for  the  verticals. 
It  grew  in  favor  rapidly;    and  today  it  is  recognized  as  the  ideal  trus£ 
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form  for  wooden  bridges.  Its  weak  point  is  the  bottom  chord,  which 
puts  timber  in  tension  and  requires  very  elaborate  splices. 

In  1844  Thomas  W.  Pratt  and  Caleb  Pratt  patented  the  Pratt  truss. 
It  never  attained  nnieh  i)opularity  for  tim])er-brid{2;(^  eonstru(;tion  at  that 
time;  but  during  the  eighties  it  was  much  used  in  "combination"  bridges 
having  all  the  compression  members  of  wood  and  all  the  tension  members 
of  ^^TOUght  iron  or  steel,  notwithstanding  its  decided  inferiority  in  respect 
to  rigidity  when  built  thus  as  compared  with  the  Howe  truss  bridge. 
Its  apparent  advantage  over  the  older  competitor  was  a  slight  saving 
in  first  cost,  and  (when  neither  type  was  housed)  a  little  longer  life,  the 
perishability  of  timber  being  more  pronounced  in  tension  than  in  com- 
pression members. 

The  first  American  suspension  bridge  of  modern  type,  with  horizontal 
floor  suspended  from  the  cables,  was  constructed  about  1796  by  James 
Finley.  His  cables  were  composed  of  wrought-iron  loops  or  links,  and 
his  timbers  were  so  framed  as  to  give  a  rigid,  continuous  floor,  which, 
in  connection  Avith  the  hand  raiUngs,  constituted  fair  stiffening  trusses. 
His  longest  span,  308  feet,  was  in  the  bridge  over  the  Schuylkill  River 
at  Philadelphia,  erected  in  1809.  This  was  replaced  in  1816  by  a  408- 
foot  si^an  carried  by  cables  made  of  three-eighths-inch  wires.  It  was 
built  by  White  and  Hazard,  who  owned  a  wire  mill  near  by,  and  was  the 
first  ^\^re  suspension  bridge  ever  constructed.  A  number  of  similar  sus- 
pension bridges  were  built  during  the  succeeding  twenty  years.  In  1838 
when  Wernwag's  "Colossus  Bridge"  at  Philadelphia  was  burned,  Charles 
Ellet  replaced  it  by  a  wire  suspension  structure  of  358  feet  span;  and  in 
1846  he  built  a  1,010-foot  span  suspension  bridge  at  Wheeling,  W.  Va. 
All  of  his  bridges  were  unstayed.  About  this  time  the  famous  American 
engineer,  John  A.  Roebling,  began  to  build  suspension  bridges.  He  used 
guys  to  brace  his  structures  laterally,  and  also  stays  running  diagonally 
from  ttie  tops  of  the  towers  to  points  in  the  floor,  a  practice  that  had 
been  previously  tried  out  and  abandoned  by  the  English.  He  also  intro- 
duced the  system  of  using  wire  cables  in  cylindrical  form,  wrapped  with 
small  wire,  instead  of  separate  wires  side  by  side;  and  he  inaugurated 
the  practice  of  cradling  the  cables  so  as  to  increase  the  lateral  stability 
of  the  structure. 

The  introduction  of  railroads  in  the  United  States  came  in  1829,  and 
with  it  began  the  real  development  of  bridge  engineering.  Wernwag 
built  the  first  railway  bridge  for  the  Baltimore  and  Ohio  Railroad  at 
Monoquay  in  1830.  It  was  wooden  and  of  the  trussed-arch  type.  Many 
similar  bridges  were  soon  afterward  constructed  by  Burr  and  others, 
and  the  Long  and  the  Town  lattice  trusses  were  extensively  employed; 
but  soon  after  the  introduction  of  the  Howe  truss  in  1840  the  latter  be- 
came the  standard  for  railway-bridge  construction.  The  Pratt  truss  was 
used  only  to  a  limited  extent  by  the  railroads  during  the  days  of  timber 
bridges.     The  first  of  the  timber  trestles  which  have  played  such  an  im- 
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portant  part  in  American  railway  practice  was  built  about  1840  on  the 
line  of  the  Philadelphia  and  Reading  Railroad. 

Thus  far  the  construction  of  bridges  had  been  carried  out  by  men  who 
were  carpenters,  and  it  w^as  looked  upon  simply  as  a  trade;  but  with  the 
requirements  imposed  by  the  rapidly  increasing  railroad  traffic,  a  higher 
class  of  bridgework  was  demanded.  Furthermore,  timber  was  being 
found  inadequate  for  the  work  required  of  it,  and  a  better  material  was 
being  sought.  As  early  as  1787,  Thomas  Paine  had  tried  to  introduce 
the  cast-iron  arch  into  American  bridgework,  but  had  failed.  Wrought 
iron  had  been  used  in  Finley's  suspension  bridges  and  in  Howe's  trusses; 
but  the  first  patent  for  an  all-iron  bridge  was  taken  out  in  1833  by  August 
Canfield;  and  in  1840  Earl  Trumbull  built  the  first  structure  of  that 
kind  over  the  Erie  Canal  at  Frankfort,  N.  Y.  It  was  a  highway  girder 
bridge  of  77  feet  span  constructed  mainly  of  cast  iron  with  wrought-iron 
rods  in  a  parabolic  curve  extending  from  end  to  end  and  supporting  the 
cast-iron  girders  at  various  points,  maldng  the  action  very  similar  to 
that  of  a  suspension  bridge  or  of  an  inverted  bowstring. 

In  the  same  year  Squire  Whipple  built  his  first  iron  bridge,  a  bow- 
string girder  with  wrought-iron  tension  members  and  cast-iron  compres- 
sion members.  He  patented  this  type  in  1841;  but  in  1846  he  changed 
to  the  trapezoidal  form. 

The  first  iron  railroad  bridge  in  this  country  was  designed  by  Richard 
Osborne,  of  the  Philadelphia  and  Reading  Railroad,  and  was  erected  near 
Manayunk,  Pa.,  in  1845.  It  was  a  Howe  truss  structure  of  only  thirty- 
four  feet  span,  and  had  cast-iron  compression  members  and  wrought- 
iron  tension  members. 

In  1846  and  1847  James  Millholland  built  a  tubular  plate-girder  bridge 
of  wrought  iron  for  the  Baltimore  and  Ohio  Railroad;  and  in  1846  Na- 
thaniel Rider,  of  New  York,  patented  a  multiple  intersection  truss  of  com- 
bined cast  and  wrought  iron.  Several  bridges  of  the  latter  type  were 
built,  but  when  one  failed,  about  1850,  it  was  decided  by  most  engineers 
to  return  to  wooden  bridges  for  railroad  purposes. 

Thus  far  the  design  of  bridges  was  purely  a  matter  of  judgment  and 
experience,  for  no  method  of  analysis  was  known.  As  stated  before,  in 
1847  Squire  Whipple  published  at  Utica,  N.  Y.,  a  "Work  on  Bridge 
Building,"  and  this  marks  the  beginning  of  rational  bridge  design.  Un- 
fortunately, it  was  several  years  before  his  book  became  at  all  generally 
circulated. 

The  firm  of  Plymton  &  Murphy  during  the  fifties  made  a  model 
of  a  truss  in  which  any  member  could  be  replaced  by  a  spring  balance 
in  order  to  measure  stresses.  Before  Whipple's  book  was  widely  known, 
the  tendency  of  web  members  to  fail  near  the  ends  of  the  span  had  been 
noticed,  and  in  a  few  designs  they  had  been  made  heavier  than  those 
near  mid-span. 

The  decade  from  1850  to  1860  marks  a  very  important  advance  in 


EVOLUTION    OF   BRIDGE   ENGINEERING  23 

American  bridge  engineering,  for  the  designing  then  came  into  the  hands 
of  educated  engineers;  and  rational  design  really  began.  Benjamin  H. 
Latrobe,  the  chief  engineer  of  the  Baltimore  and  Ohio  Railroad,  decided 
to  use  iron  bridges  in  constructing  the  extension  of  his  line  from  Cumber- 
land to  Wheeling.  Wendell  Bollman  and  Albert  Fink,  the  inventors  of 
the  Bollman  and  the  Fink  trusses,  were  then  working  under  him;  and 
the  first  bridges  of  these  types  were  constructed  on  that  road  in  1855, 
cast  iron  being  used  for  the  compression  members  and  wTought  iron  for 
the  tension  members.  In  that  year  Fink  designed  some  iron  railroad 
trestles  for  the  same  line,  using  his  patented  truss  for  the  spans. 

In  the  same  year  the  first  of  the  double-intersection  Whipple-truss 
bridges  was  built.  It  also  was  of  both  cast  and  wrought  iron.  During 
the  same  decade  the  Pennsylvania  Railroad  began  the  construction  of 
bridges  composed  of  Pratt  trusses  stiffened  with  arches,  all  compression 
members  being  of  cast  iron  and  all  tension  members  of  wrought  iron. 

The  first  pin-connected  bridge  was  designed  by  J.  W.  Murphy  for 
the  Lehigh  Valley  Railroad  in  1859.  In  the  same  year  Howard  Carroll 
built  the  first  all-wrought-iron  bridge  for  the  New  York  Central  Railroad. 
It  was  well  constructed  and  of  the  lattice  type.  He  employed  iron  track- 
stringers  and  floor-beams,  and  prepared  a  printed  specification  for  rail- 
road bridgework.  J.  H.  Linville,  of  the  Pennsylvania  Railroad,  first  in- 
troduced wide,  forged  eye-bars  in  1861;  and  in  1863  J.  W.  Murphy  de- 
signed for  the  Lehigh  Valley  Railroad  the  first  pin-connected  truss  bridge 
with  all  the  main  members  of  wrought  iron,  cast  iron  being  used  only 
for  joint  blocks.  This  bridge  was  of  the  double-intersection  Whipple 
type;  and,  on  account  of  the  improvements  introduced  by  Murphy,  it 
has  frequently  been  known  as  the  Murphy- Whipple  truss.  In  1865  the 
first  of  the  Post-truss  bridges  was  constructed  for  the  Erie  Railroad,  and 
that  type  was  employed  more  or  less  thereafter  for  some  fifteen  years. 
They  were  generally  built  with  cast-iron  top  chords  and  end-posts. 

As  before  mentioned,  a  plate-girder  bridge  had  been  built  for  the 
Baltimore  and  Ohio  as  early  as  1846.  Another  was  constructed  by  the 
Pennsylvania  Raih-oad  in  1853,  and  one  was  designed  in  1860  for  the 
Boston  and  Albany  by  E.  S.  Philbrick.  The  only  large  tubular  bridge 
ever  built  in  North  America  was  the  Victoria  Bridge  over  the  St.  Law- 
rence River  at  Montreal.  It  was  erected  between  1854  and  1860  from 
the  design  of  the  noted  English  engineer,  Robert  Stephenson,  but  was  so 
expensive  that  the  type  was  never  approved  by  American  engineers.  It 
lasted  a  number  of  years  in  spite  of  the  fact  that  the  rivet  heads  came  off 
so  often  that  it  was  necessary  to  keep  a  gang  of  riveters  constantly  upon 
it  in  order  to  renew  defective  rivets.  Finally,  the  structure  was  removed 
and  replaced  by  a  more  modern  American  type  of  bridge. 

Suspension  bridges  also  were  used  by  American  railroads  during  this 
period.  In  1855  John  A.  Roebling  completed  a  suspension  bridge  of  821 
feet  span  over  the  Niagara  River  just  below  the  Falls  for  the  Grand 
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Trunk  Railway.  In  it  deep,  open-webbed,  wooden  stiffening-trusses  were 
adopted.  It  was  double-decked,  carrying  a  fifteen-foot  clear  wagon-way 
below.  A  suspension  bridge  of  three  spans  had  been  built  a  few  years 
before  at  Frankfort,  Ky,  0^ving  to  the  lack  of  rigidity  in  the  suspension 
l)ridge,  that  type  of  structure  has  not  found  favor  among  American  rail- 
road engineers. 

The  construction  of  long-span  railway  truss  bridges  in  America  dates 
from  the  early  sixties,  when  the  railroads  began  to  cross  the  Ohio  River. 
Linville  built  the  first  at  Steubenville,  Ohio,  in  1863  and  1864.  It  was 
of  the  double-intersection,  Murphy- Whipple  type  with  cast  iron  for  the 
compression  members,  and  had  a  channel  span  of  320  feet.  The  earlier 
long-span  bridges  were  usually  of  that  tjq^e,  though  the  Fink  truss  was 
employed  to  some  extent.  Both  of  those  types  permitted  of  economic 
construction  with  large  truss-depths  and  short  panel-lengths,  which  ex- 
plains their  popularity  for  long-span  structures.  The  Fink  truss  was  de- 
cidedly inferior  to  the  Murphy- Whipple  in  respect  to  the  important  at- 
tribute of  rigidity.  The  longest  Finlc  truss  had  a  span  of  306  feet  and  the 
longest  Murphy-Whipple  one  of  518  feet. 

In  1864  David  Reeves,  of  the  Phoenix  Bridge  Company,  introduced 
the  Phoenix  column  of  wrought  iron  with  cast-iron  bearing  blocks,  and 
developed  the  use  of  the  hydraulic  upset  end  for  eye-bars.  The  said 
column  was  a  great  factor  in  causing  the  substitution  of  wrought  iron 
for  cast  iron  in  compression  members  of  pin-connected  bridges.  It  served 
a  good  purpose  for  several  years,  but  has  been  finally  relegated  into 
oblivion  by  better  and  more  scientifically  built  columns.  Cast  iron  con- 
tinued to  be  used  more  or  less  in  bridge  construction  until  the  Ashtabula 
Bridge  disaster  in  1876,  after  which  its  employment  in  railroad  structures 
was  practically  abandoned,  excepting  only  in  the  before-mentioned  bearing- 
blocks  of  Phoenix  column  bridges. 

Wooden  stringers  were  generally  used  in  railroad  bridges  until  about 
1873,  when  iron  ones  began  to  supplant  them.  The  latter,  however,  had 
been  adopted  by  the  New  York  Central  in  the  early  sixties.  The  facili- 
ties for  field  riveting  increased  greatly  about  this  time,  and  this 
explains  largely  the  more  extended  adoption  of  the  metal  floor-system. 

During  the  seventies  the  Pratt,  the  Whipple,  and  the  Warren  or 
Triangular  trusses  became  the  favorite  types,  although  several  large  Post- 
truss  bridges  were  then  built.  For  a  short  span  the  single  intersection 
type  was  found  preferable,  and  for  long  ones  the  double  or  triple  inter- 
section. During  this  period  C.  H.  Parker  introduced  the  plan  of  making 
the  top  chords  of  through  trusses  polygonal,  thus  effecting  quite  an  economy 
in  weight  of  metal  for  long  spans;  and  this  modification  of  the  Pratt  truss 
is  often  termed  the  ''Parker  Truss."  The  Baltimore  truss  was  originated 
by  the  Pennsylvania  Railroad  Company  in  1871  by  subdividing  the 
panels  of  the  Pratt  truss;  and  it  was  subsequently  modified  by  making 
the  top  chords  of  the  through  bridges  polygonal,  in  which  form  it  is  some- 
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times  known  as  tho  "Pennsylvania"  truss.  Both  of  theses  forms,  though, 
are  more  frequently  termed  the  "Petit"  truss.  The  Fink  truss  has  not 
been  built  for  many  years,  and  since  the  advent  of  the  subdivided  panel 
the  Murphy-Whipple  truss  has  gradually  passed  out  of  use,  George  S. 
Morison  being  the  last  of  the  prominent  American  engineers  to  adhere 
to  it;  and  even  he  was  compelled  to  abandon  it  for  the  more  modern 
Petit  type  when  he  engineered  the  Merchants'  Bridge  over  the  Mississippi 
River  at  St.  Louis.  Today  nearly  all  trusses  of  ordinary  span  length  are 
being  designed  of  the  Pratt  or  Petit  type,  but  occasionally  the  Trian- 
gular with  secondary  verticals  is  employed.  The  longest  simple  truss 
spans  yet  constructed  are  those  of  the  Free  Bridge  (Fig.  1^)  over  the 
Mississippi  River  at  St.  Louis,  where  there  are  three  Petit  truss  spans 
of  668  feet  each;  but  there  are  still  longer  ones  under  construction  and 
in  contemplation,  one  of  723  feet  for  the  proposed  bridge  over  the  Ohio 
River  at  Metropolis  (Fig.  Ih),  and  two  of  775  feet  each  for  the  proposed 
crossing  of  the  same  river  by  the  Chesapeake  and  Ohio  Railway  at  Scioto- 
ville  (Fig.  li).  In  the  latter  bridge  the  two  trusses  will  be  continuous. 
Continuous  spans  have  been  employed  in  only  one  structure  of  importance 
built  in  America  thus  far,  viz.,  the  Lachine  Bridge  over  the  St.  Lawrence 
River  near  Montreal.  It  was  constructed  in  1885-7  from  the  design  of  the 
late  C.  Shaler  Smith,  the  most  prominent  and  progressive  bridge  engineer 
of  his  time.  Owing  to  the  great  increase  in  live  loading,  it  has  lately  been 
taken  down  and  replaced  by  a  double-track  structure  of  simple  spans. 

The  construction  of  real  cantilever  bridges  in  America  began  in  1876, 
when  C.  Shaler  Smith  built  the  Kentucky  River  Bridge  at  Dixville,  Ky. 
He  had  originally  intended  to  leave  the  chords  continuous,  and  had  as- 
sumed fixed  points  of  contraflexure  at  what  were  later  made  the  ends  of 
the  suspended  span;  but  Mr.  Bouscaren,  Chief  Engineer  of  the  Cincin- 
nati Southern  Railway  and  himself  a  high  authority  on  bridgework,  re- 
fused to  permit  this,  and  Mr.  Smith  then  arranged  to  cut  the  chords  at 
these  points  after  the  erection  was  completed.  The  Eads  Bridge  over 
the  Mississippi  River  at  St.  Louis  was  erected  in  1873  by  the  cantilever 
method,  the  spans  being  arches  without  hinges.  This  plan  of  erection 
had  been  suggested  as  early  as  1846  by  Robert  Stephenson,  and  several 
American  engineers  had  proposed  similar  designing  previous  to  1876. 
The  Solid  Lever  Bridge  Company  of  Boston  erected  several  combined 
arch  and  cantilever  bridges  of  short  span  in  New  England  and  New  Bruns- 
wick about  1868,  some  of  which  were  used  for  railway  traffic.  The  first 
one  had  solid  cantilever  arms  of  timber,  but  the  later  ones  were  open- 
webbed  and  of  -vvTought  iron.  Since  the  building  of  the  Kentucky  River 
Bridge,  the  construction  of  cantilever  structures  has  gradually  extended. 
The  longest  existing  spans  of  that  type  are  still  European,  being  the  two 
of  1,710  feet  each  in  the  Forth  Bridge,  Scotland;  but  this  limit  is  soon  to 
be  exceeded  by  the  1,800-foot  span  of  the  Quebec  Bridge,  which  is  now 
under  construction. 
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The  metal  areh  has  not  been  used  as  extensively  in  the  United  States 
as  in  Europe.  The  low  banks  and  alluvial  soils  of  so  much  of  North  Amer- 
ica do  not  favor  the  arch  type,  which,  generally  speaking,  is  suitable  only 
for  comi^aratively  high  crossings  and  rock  or  other  very  solid  foundations. 
Thomas  Paine's  attempt  to  introduce  cast  iron  into  American  bridge 
practice  has  already  been  mentioned.  In  1787  he  advocated  an  arch 
bridge  of  that  metal  of  400  feet  span  at  Philadelphia,  but  the  project  was 
not  carried  out.  The  first  reallj^  important  metal  arch  bridge  in  this  coun- 
try was  the  before-mentioned  Eads  Bridge  at  St.  Louis,  erected  in  1873. 
It  has  cast,  chrome-steel,  hingeless  ribs,  the  first  application  of  this  metal 
to  bridgework  in  America;  and,  although  it  must  be  considerably  over- 
loaded, it  ranks  today  as  one  of  the  finest  bridges  in  the  country.  Since 
then  a  number  of  arch  bridges  have  been  built  here — generally  of  the  two- 
hinged  or  the  three-hinged  types.  The  largest  arch  span  in  the  world 
is  the  one  now  under  construction  over  Hell  Gate  at  New  York  City, 
the  span-length  being  977  feet.  It  is  of  the  two-hinged,  braced-rib 
type.  The  spandrel-braced  arch  with  two  or  three  hinges  has  frequently 
been  used,  the  most  important  existing  bridge  of  the  kind  being  that 
across  the  Niagara  River  near  the  Falls,  designed  and  engineered  by  the 
late  L.  L.  Buck. 

In  later  years  suspension  bridges  have  been  an  important  type  for  long- 
span  structures,  although  not  used  for  steam-railroad  purposes.  Three 
of  the  great  bridges  over  the  East  River,  viz.,  the  Brooklyn,  the  Williams- 
burg, and  the  Manhattan,  are  of  that  type.  Designs  for  suspension 
bridges  over  the  North  River  at  New  York  City  have  been  made  several 
times,  notably  in  recent  years  by  Lindenthal  for  an  opening  of  3,100  feet, 
and  by  Hodge  with  one  of  2,880  feet.  The  theory  of  the  stiffening-truss 
has  been  greatly  improved  in  recent  years,  and  the  flexibility  so  noticeable 
in  the  earlier  designs  has  largely  disappeared  in  consequence. 

The  first  wooden  railway  trestle  was  constructed  on  the  Philadelphia 
and  Reading  Railway  in  1840,  as  has  been  previously  noted;  and  the 
boldest  example  of  that  type  among  early  structures  was  the  Portage 
Viaduct,  designed  by  Silas  Seymour  in  1851.  It  was  800  feet  long  and 
234  feet  high.  The  first  iron  railway  trestle  was  built  in  1853  on  the 
Baltimore  and  Ohio  Railway,  to  which  reference  has  already  been  made; 
and  the  first  one  of  modern  type  was  the  Bullock  Pen  Viaduct,  designed  by 
Smith,  Latrobe  &  Co.  in  1867  for  the  Cincinnati  and  Louisville  Short-line. 
To  C.  Shaler  Smith  in  1870  are  probably  due  the  conception  and  introduc- 
tion of  the  braced  tower,  now  so  characteristic  of  American  design;  although 
T.  C.  Clarke  claimed  to  have  employed  it  in  1869  in  his  design  for  the 
approach  to  the  proposed  Blackwell's  Island  Bridge. 

The  gradual  replacement  of  wood  and  cast  iron  by  wrought  iron  has 
already  been  discussed.  The  first  important  use  of  steel  for  bridgework 
in  the  United  States  was  in  1869  for  the  St.  Louis  Bridge,  which  was  men- 
tioned earlier.    Its  employment  for  eye-bars  developed  next,  then  flat  plates 
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suitable  for  floor-beam  webs  became  procurable.  The  first  American  bridge 
of  any  consequence  in  which  steel  was  used  exclusively  was  the  Glasgow 
Bridge  over  the  Missouri  River  on  the  line  of  the  Chicago  and  Alton 
Railway'',  built  in  1879.  The  production  of  steel  increased  steadily,  and 
in  1890  all  the  usual  structural  shapes  could  be  procured  at  the  same 
prices  as  for  wrought  iron;  and  by  1895  its  adoption  for  bridges  was 
practically  universal,  and  the  production  of  A\Tought  iron  in  large  quan- 
tities was  a  thing  of  the  past. 

Within  the  last  decade  investigations  have  been  made  concerning  the 
emplo>Tnent  of  alloy  steels  for  bridge  superstructures,  the  result  being 
that  it  has  been  found  that  nickel  steel  is  a  perfectly  satisfactory  material 
for  bridge  building  and  that  its  emplojTnent  is  in  the  line  of  economy, 
especially  for  long  spans.  It  has  been  used  in  several  large  structures, 
notably  the  Blackwell's  Island  and  Manhattan  Bridges  of  New  York 
City,  the  Free  Bridge  of  St.  Louis,  the  Fratt  Bridge  of  Kansas  City,  and 
the  new  Quebec  Bridge.  Steel  high  in  silicon  is  to  be  employed  (for  the 
compression  members  only)  in  the  proposed  Metropolis  Bridge,  before 
mentioned;  and  Mayari  steel,  a  low-grade  natural  alloy  with,  nickel  and 
chromium,  has  been  adopted  for  the  new  Memphis  Bridge.  In  the  Hell 
Gate  Arch  Bridge  high  carbon  steel  was  chosen  because  of  the  great 
prices  asked  by  the  bridge  manufacturers  for  alloy  steels.  The  future 
development  in  long-span  bridge  construction  most  assuredly  ^\^ll  be 
determined  largely  along  the  lines  of  alloy  steel  manufacture. 

Stone  arch  bridges  have  played  a  very  small  part  in  bridge  evolution 
in  America;  but  stone  and  brick  were  for  manj^  years  the  principal  ma- 
terials for  substructure.  The  production  of  natural  cement  in  this  coun- 
try began  in  1818,  and  that  material  was  much  employed  for  concrete 
until  the  eighties,  when  Portland  cement  came  into  vogue  and  soon  re- 
placed it  entirely.  Concrete  has  almost  totally  ousted  stone  masonry 
from  bridge  construction. 

Reinforced  concrete  was  introduced  into  America  about  1874  by  Ran- 
some;  and  in  the  following  year  W.  E.  Ward  built  a  house  of  this  ma- 
terial. In  1877  Hyatt  published  the  results  of  tests  which  had  been  per- 
formed for  him  by  David  Kirkaldy;  and  shortly  thereafter  considerable 
construction  work  was  done  on  the  Pacific  coast  by  Jackson,  Percy,  and 
Ransome.  The  latter  patented  the  first  deformed  bar  in  1884.  The  first 
application  of  reinforced  concrete  to  bridge  construction  was  in  the  early 
nineties.  Within  the  next  few  years  a  large  number  of  such  structures 
were  built,  largely  of  the  Melan  arch  type,  von  Emperger  and  Thacher 
being  pioneers  in  this  work.  The  past  decade  has  ^vntnessed  its  applica- 
tion to  many  other  forms  of  bridge  construction.  For  city  bridges  of 
short  span  its  use  is  becoming  almost  universal,  and  it  is  being  adopted 
extensively  for  short-span  railway  bridges  and  trestles.  It  also  finds  a 
very  wide  application  in  the  construction  of  retaining  walls  and  abut- 
ments, and  of  the  floors  of  steel  bridges. 
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Amorican  methods  of  bridge  designing  during  the  last  six  decades  have 
certainly  passed  through  a  remarkable  evolution;  for,  as  previously  noted, 
before  1847  all  designing  was  purely  empirical  and  in  the  hands  of  car- 
penters; during  the  fifties  the  knowledge  of  the  methods  of  stress  cal- 
culation spread,  iron  largely  replaced  wood  as  the  material  of  bridge 
construction,  and  bridge  designing  came  almost  entirely  into  the  hands 
of  the  railroad  engineers,  much  of  the  manufacture  being  done  by  their 
forces  in  their  oavti  shops;  but  in  the  next  decade  some  of  the  leading 
bridge  engineers  of  the  railroad  companies  started  private  shops  and 
eventually  secured  most  of  the  work,  and  soon  the  designing  also  came 
into  the  hands  of  the  new  bridge  companies,  most  of  them  being  especially 
interested  in  some  particular  type  of  construction  on  which  they  frequently 
held  patents. 

The  age  of  keen  competition  then  began;  and  while  progress  certainly 
was  great,  the  tendency  to  skimp  was  still  greater.  As  most  of  the  rail- 
road companies  supplied  simply  a  profile  of  the  crossing,  the  loading, 
and  possibly  the  span  lengths,  and  asked  for  lump-sum  bids,  and  then 
did  not  check  the  adopted  plans  or  inspect  the  construction,  there  were 
every  opportunitj^  and  temptation  for  the  manufacturing  companies  to 
do  poor  work  and  "  skin  "  their  structures.  But  during  the  seventies  slowly 
there  came  a  change.  Specifications  for  bridge  work  then  began  to  ap- 
pear— first  by  Clarke,  Reeves  &  Co.,  in  1871,  then  by  George  S.  Morison 
for  the  Erie  Railroad  in  1873  (probably  the  first  printed  bridge  specifica- 
tions ever  adopted  by  any  American  railroad),  then  in  1875  by  L.  F.  G. 
Bouscaren  for  the  Cincinnati  Southern  Railway,  the  first  road  to  specify 
wheel-load  concentrations.  Morison  required  successful  bidders  to  sub- 
mit stress  sheets  and  plans  for  approval  before  starting  work,  and  later 
began  the  inspection  of  materials  and  workmanship;  and  Bouscaren  soon 
adopted  the  same  policy.  Inspection,  though,  was  first  inaugurated  on 
the  Eads  Bridge  in  1869.  In  1877  Charles  Hilton  prepared  bridge  spec- 
ifications for  the  Lake  Shore  and  Michigan  Southern  Railway,  and  in 
the  same  year  C.  Shaler  Smith  issued  some  for  the  Chicago,  Milwaukee, 
and  St.  Paul  Railway;  and  in  1878  Theodore  Cooper  got  out  a  set  for  the 
Erie  Railroad.  This  was  the  first  of  Cooper's  bridge  specifications,  which, 
as  revised  from  time  to  time,  have  been  very  widely  used.  Other  rail- 
road companies  soon  began  to  develop  bridge  engineering  forces,  and  by 
1876  some  of  the  most  competent  of  the  bridge  engineers  were  entering 
private  practice  as  consulting  engineers.  The  lack  of  rigidity  and  lateral 
stability  of  most  of  the  structures  built  previously  was  rapidly  becoming 
apparent,  especially  to  the  engineers  who  were  acting  in  the  interests  of 
the  railroad  companies  and  other  clients;  and  the  need  for  the  making 
of  complete  designs  by  competent  engineers,  rather  than  by  the  cheap 
draftsmen  of  competing  bridge  companies,  began  to  be  realized.  It  be- 
came evident  that  while  the  old  competitive  system  of  lump-sum  bids 
by  the  various  bridge  companies  on  their  own  plans  had  played  its  part 
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in  developing  economic  design  in  America,  for  best  practice  it  had  become 
a  thing  of  the  past.  As  C.  C.  Schneider  has  stated,  "The  manufactm-er 
should  confine  himself  to  his  legitimate  field  of  manufacturing  steel  at  so 
much  a  pound."  The  best  practice  today  consists  in  having  the  complete 
detailed  designs  and  the  specifications  prepared  by  a  bridge  specialist, 
either  regularly  employed  by  the  purchaser  or  retained  by  him  for  the 
special  work,  and  then  to  ask  for  unit-price  bids  thereon  from  first-class 
contractors  only.  That  practice  prevails  today  almost  universally  in 
railroad  work,  and  is  rapidly  coming  into  vogue  for  the  better  class  of 
city  structures;  but  the  older  practice  of  competitive,  lump-sum  bids  still 
holds  in  small  cities  and  towns  and  in  the  country  districts.  The  estab- 
lishment of  State  Highway  Commissions  in  several  of  the  States,  such 
as  Iowa  and  Illinois,  with  competent  engineers  in  charge,  is  doing  much 
to  correct  the  evils  of  highway-bridge  letting. 

Perhaps  the  most  important  features  of  the  development  in  bridge 
designing  of  late  years  have  been  the  great  advance  in  the  science  of 
detaihng  and  proportioning,  and  a  growing  recognition  of  the  fact  that 
a  bridge  should  be  very  effectively  braced,  and  should  be  thoroughly 
rigid  in  all  of  its  parts.  Until  the  early  eighties  very  little  attention  was 
given  to  the  detailing,  the  stresses  and  sections  for  main  members  being 
calculated  carefully  by  the  engineer,  but  the  still  more  important  task  of 
designing  the  connections  for  the  said  main  members  being  turned  over  to 
cheap  draftsmen.  The  detailing  that  used  to  go  into  bridges  thirty  or 
forty  years  ago  would  make  the  hair  of  a  modern  bridge  engineer  rise 
with  horror!  How  such  crudities  could  have  been  permitted  is  almost 
beyond  comprehension  today;  for  the  veriest  tyro  can  now  see  that  the 
details  of  those  old  structures  were  incapable  of  carrying  more  than  a 
small  percentage  of  the  stresses  for  which  the  main  members  they  con- 
nected were  proportioned.  Furthermore,  the  said  earlier  structures  were 
very  poorly  braced,  so  that  they  racked  to  pieces  rapidly.  As  the  de- 
signing and  detailing  began  to  come  into  the  hands  of  experienced  engi- 
neers, a  movement  to  improve  details  and  bracing  began,  but  it  progressed 
with  painful  slowness  at  first,  for  during  the  eighties  bridge  detailing  was 
about  as  crude  and  unscientific  as  can  be  imagined.  Toward  the  end  of 
the  eighties  pin-connections  for  short  spans  commenced  to  be  dropped 
out  of  the  best  practice,  the  flimsiness  of  the  web  members  in  many  of 
the  multiple-intersection  structures  began  to  make  itself  evident,  and 
the  desirability  of  single-intersection  systems  from  this  standpoint  was 
realized.  The  great  value  of  plate-girders  for  short  spans  was  recognized, 
and  their  employment  increased  rapidly.  From  that  time  onward  the 
evolution  has  been  steady,  the  leaders  therein  being  the  independent 
bridge  specialists  and  the  bridge  engineers  of  the  various  railroad  systems. 
The  American  Railway  Engineering  Association,  organized  in  1899  as  the 
American  Railway  Engineering  and  Maintenance  of  Way  Association,  by 
the  wide-spread  use  of  its  specifications  and  by  its  many  and  carefully 


EVOLUTION    OF   BRIDGE   ENGINEERING  31 

prepared  committee  reports,  has  raised  materially  the  standard  of  railway- 
bridge  designing;  and  the  American  Society  for  Testing  Materials  has 
been  the  means  of  effecting  a  number  of  improvements  in  the  quality  of 
the  various  materials  employed  in  bridge  building.  But  by  far  the  most 
effective  cause  of  the  substantial  and  fundamental  advance  in  the  science 
of  bridge  engineering  has  been  the  publication  by  the  American  Society 
of  Civil  Engineers  of  several  papers  on  important  bridge  subjects  written 
by  leading  specialists  and  discussed  widely  by  members  of  the  society 
connected  in  various  ways  with  bridge  designing,  building,  and  operation. 
Some  of  these  papers  put  a  stop  to  many  glaring  faults  of  design  and  con- 
struction, and  others  offered  suggestions  for  future  development  which  the 
profession  has  followed.  As  a  result  of  this  evolution  during  the  past 
twenty-five  or  thirty  years,  a  first-class  American  bridge  of  today  is  a 
very  rigid  structure,  effectively  braced  against  all  possible  lateral  forces, 
and  carefully  proportioned  in  all  of  its  parts. 

The  question  of  riveted  versus  pin-connected  trusses  has  always 
been  a  mooted  one  among  American  engineers.  While  European  prac- 
tice has  always  favored  the  riveted  type,  early  American  practice  en- 
dorsed the  use  of  pins,  the  New  York  Central  Railroad  being  a  conspicu- 
ous exception,  as  it  has  employed  riveted  construction  altogether.  The 
introduction  of  the  pneumatic  riveter  served  to  remove  many  of  the 
objections  to  field-riveted  connections;  and  of  late  years  the  riveted 
t^-pe,  as  improved  and  more  scientifically  designed  by  American  engineers, 
has  found  much  favor  in  this  country  on  account  of  its  superior  rigidity, 
especially  because  much  of  the  former  economy  of  pin-connections  has 
disappeared  as  the  necessity  for  making  many  of  the  tension  members 
stiff  has  been  realized.  Whereas  thirty  years  ago  many  American  engi- 
neers would  have  used  pin-connected  spans  of  100  feet,  today  most  of 
them  advocate  riveted  ones  for  openings  up  to  250  or  300  feet — or  even 
more.  Three  simple-truss,  riveted  spans,  each  of  425  feet,  of  the  heaviest 
kind  of  construction,  were  used  in  1909-1912  in  building  the  author's 
Fratt  Bridge  over  the  Missouri  River  at  Kansas  City.  (See  Figs.  Sid  and 
31e.)  The  Sciotoville  Bridge  (Fig.  l^)  with  its  775-foot  spans  and  the 
Hell  Gate  arch  (Fig.  2Qg)  with  its  977-foot  span  will  have  riveted  con- 
nections throughout,  and  they  will  be  used  extensively  in  the  Quebec 
cantilever  bridge.  The  extremely  heavy  riveted  connections  required  for 
these  structures  have  led  to  many  advances  in  shop  practice,  such  as  the 
reaming  or  drilling  of  field  connections  with  the  parts  temporarily  assem- 
bled, the  use  of  very  large  and  long  rivets  (such  as  those  of  IM  inches 
diameter  and  10-inch  grip  in  the  Hell  Gate  arch),  and  the  adoption  of 
tapered  rivets  where  very  long  grips  are  necessary. 

The  evolution  in  erection  methods  has  also  been  marked.  The  intro- 
duction of  the  cantilever  and  the  cantilever  method  of  erection  for  arches 
and  simple  spans  many  years  ago  made  feasible  the  construction  of  bridges 
in  places  where  the  employment  of  falsework  either  interfered  with  navi- 
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gation  or  was  extremely  hazardous  or  entirely  impracticable;  and  the 
later  method  of  erecting  a  span  complete  on  barges  and  then  floating  it 
into  position  solved  the  same  problem  in  another  way.  The  refusal  of 
many  railway  companies  to  permit  their  traffic  to  be  interfered  with  has 
led  to  the  introduction  of  many  new  erection  methods.  A  most  note- 
worthy feature  has  been  the  replacement  of  the  traveller  by  the  derrick 
car  for  the  erection  of  structures  of  ordinary  size,  resulting  in  the  cheapening 
and  accelerating  of  the  field  work. 

The  part  played  in  the  evolution  of  bridge  designing  by  changes  in 
methods  of  transportation  and  by  the  increase  in  commerce  should  not 
pass  unnoticed.  Necessity  has  been  the  mother  of  invention  in  this  as 
in  other  things.  Primitive  man  needed  but  a  slight  structure  to  sustain 
himself  or  his  horse,  and  his  conmierce  amounted  to  almost  nothing.  As 
wheeled  vehicles  appeared,  wider  and  stronger  structures  were  required; 
but  the  loads  still  were  comparatively  light,  and  the  commerce  being 
chiefly  water-borne,  bridges  were  more  a  convenience  than  a  necessity. 
In  1784,  when  the  mail-coach  service  of  England  was  improved  and  ex- 
tended, the  immediate  result  was  the  passage  of  some  three  hundred 
acts  for  the  construction  of  roads  and  bridges  within  the  next  decade. 
But  it  was  not  until  the  railroads  began  to  push  out  in  all  directions  and 
to  carry  a  heavy  traffic  that  the  real  development  began.  Bridges  then 
became  truly  a  necessity,  and  their  design  progressed  rapidly.  Further- 
more, the  engines  and  trains  increased  constantly  in  weight,  so  that  a 
bridge  became  seriously  overloaded  in  the  short  space  of  ten  or  fifteen 
years.  This  progress  in  the  growth  of  railway  rolling  stock  and  the  loads 
carried  therein  caused  a  steady  increase  in  the  capacities  of  railroad 
bridges.  In  the  early  days  of  railroading  the  Baltimore  and  Ohio  was 
using  the  four-wheeled,  grasshopper  type  of  engine  weighing  only  22,000 
lbs.,  and  its  loaded  cars  weighed  not  to  exceed  one  ton  per  hneal  foot  of 
track,  while  today  there  are  in  service  Mallet  locomotives  weighing  616,- 
000  lbs.  without  the  tender,  or  840,000  lbs.  including  it;  and  there  are 
on  record  car-loads  of  7,300  lbs.  per  lineal  foot.  The  engine  axle  loadings 
have  increased  from  11,000  lbs.  in  1835  to  65,000  lbs.  or  more  today,  and 
the  end  is  not  yet.  Of  late  years  the  increase  of  street-railway  and  inter- 
urban  car  traffic  has  required  that  important  city  bridges  have  the  same 
elements  of  strength  as  railway  bridges;  and  quite  lately  the  rapid  in- 
crease in  the  size  and  use  of  motor  trucks  and  the  improvements  in  the 
roads  of  the  country  districts  have  made  it  imperative  that  bridges  in 
those  locations  be  designed  for  heavy  loads. 

For  the  purpose  of  showing  the  difference  between  early  and  modern 
railroad  bridges  the  author  has  concluded  to  insert  Figs.  Ij  and  Ik.  The 
former  shows  a  Post-truss,  single-track,  railway  bridge  at  Lockport,  111., 
over  the  Illinois  and  Michigan  Canal,  built  in  the  sixties  and  in  opera- 
tion a  few  years  ago  (and  possibly  today)  on  the  line  of  the  Chicago  and 
Alton  Railroad.     The  posts  are  of  cast  iron  and  hollow.     The  latter  in 
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contradistinction  represents  a  single-track  span  of  the  author's  built  about 
1900  in  the  bridge  across  the  Kaw  River  at  Kansas  City,  Mo.,  on  the 
line  of  the  Kansas  City  Southern  Railway. 

The  evolution  of  movable  bridges  is  discussed  incidentally  in  Chapter 
XXVIII,  which  treats  of  ''Movable  Bridges  in  General,"  and  in  the  three 
succeeding  chapters,  which  deal  at  length  with  the  three  most  prominent 
types  of  moving  spans. 

From  the  foregoing  it  is  seen  that  the  principal  factors  governing  the 
evolution  of  bridge  building  have  been — 

Available  materials. 

Advent  of  new  materials, 

Pre-existing  forms. 

Extent  of  knowledge  of  the  laws  of  mechanics  and  of  the  properties  of 
materials. 

Shop  practice  and  facilities. 

Transportation  needs,  and 

Erection  methods. 

The  requirements  of  transportation  will  undoubtedly  make  further  calls 
upon  the  structural  engineer  and  the  bridge  constructor;  because  heavier 
loads,  greater  density  of  traffic,  and  the  demand  for  better  connections 
between  more  widely  separated  termini  will  continue  to  crowd  hard  upon 
existing  limitations  and  cause  an  increased  effort  to  remove  such  restric- 
tions. The  desired  result  may  be  reached  by  the  use  of  some  new  alloy 
of  steel,  by  an  increase  in  our  theoretical  knowledge,  by  an  improvement 
in  shop  practice  and  equipment,  or  by  a  further  development  of  erection 
methods;  and  possibly  all  these  factors  may  enter  into  the  further  evo- 
lution of  bridge  building.  The  limits  in  that  art  have  certainly  not  yet 
been  reached — far  from  it! — for  the  era  of  long-span  bridges  has  only 
just  begun;  and  he  would,  indeed,  be  a  bold  prognosticator  who  would 
dare  to  set  a  bound  to  the  possibilities  of  attaimnent  of  the  next  generation 
or  two  of  American  bridge  engineering  specialists. 
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Specialization  in  all  lines  of  activity  is  the  order  of  the  day,  and  the 
movement  has  extended  to  the  professions  as  well  as  to  manufacturing 
and  general  business.  A  century  or  two  ago  it  was  possible  for  a  learned 
man  to  accumulate  a  large  share  of  all  that  was  valuable  of  scientific 
knowledge,  then  later  such  a  man  had  to  content  himself  with  knowing 
everything  worth  while  in  a  single  line  of  learning,  but  today  he  must 
devote  his  attention  and  energies  to  a  small  subdivision  of  one  of  these 
lines. 

In  law,  besides  the  two  general  classes  of  trial  lawyers  and  consulting 
lawyers,  there  are  specialists  in  corporation  work,  in  criminal  cases,  in 
patents,  in  shipping,  in  pleading,  in  railroading,  in  insurance,  in  real  estate, 
in  conveyancing,  and  in  personal  injuries. 

In  medicine  there  are  specialists  not  only  for  many  single  diseases 
but  also  for  the  exclusive  treatment  of  certain  different  parts  of  the  body, 
surgeons  who  do  not  prescribe  medicine,  physicians  who  never  perform 
a  surgical  operation,  doctors  who  diagnose  only,  and  mental  specialists, 
besides  others  who  are  often  considered  outside  the  pale  of  the  true  medical 
profession,  such  as  osteopaths  and  mental  science  healers. 

In  engineering  there  are  also  specialists,  and  their  name  is  fast  becoming 
legion.  Years  ago  there  were  but  two  divisions  in  the  profession,  viz., 
civil  and  military;  then  the  former  became  divided  into  civil,  mechanical, 
electrical,  architectural,  chemical,  metallurgical,  mining,  and  marine 
engineering;  but  today  each  of  these  divisions  is  further  divided.  For 
instance,  the  modern  term  "civil  engineering"  covers  bridge  engineering, 
hydraulic  engineering,  municipal  engineering,  sanitary  engineering,  rail- 
road engineering,  highway  engineering,  and  landscape  engineering.  Even 
some  of  these  specialties  are  becoming  subdivided,  for  there  are  hydraulic 
engineers  who  devote  themselves  exclusively  to  water-works,  others  who 
confine  their  attention  to  river  improvement,  and  others  who  specialize 
in  harbors.  Again,  among  railroad  engineers  there  are  some  who  do  noth- 
ing but  surveying,  others  who  attend  solely  to  construction,  and  still 
others  who  are  entirely  in  the  line  of  operation  or  maintenance. 

Bridge  engineering  has  been  recognized  as  a  specialty  for  more  than  a 
quarter  of  a  century.  It  was  probably  the  first  branch  of  civil  engineering 
to  segregate  from  the  general  professional  practice;  and,  in  consequence, 
it  has  become  more  highly  developed  as  a  specialty  than  any  other  line  of 
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engineering  work.  Notwithstanding  this,  the  general  public  is  far  from 
being  convinced  that  bricige  engineering  is  a  specialty,  and  that  bridges 
should  be  designed  and  their  construction  supervised  by  trained  specialists 
only.  ]\rany  high  railway  and  city  officials  and  promoters  of  important 
projects  api)ear  to  think  that  any  kind  of  an  engineer  can  design  and 
supervise  the  building  of  their  bridges,  or  that  the  designing  can  be  done 
by  the  manufacturer  of  the  superstructure  metal  and  the  field  super- 
vision bj^  any  low-salaried  engineer  or  surveyor.  To  this  idea  are  due 
the  facts  that  there  are  so  many  bridge  failures  throughout  the  country, 
that  the  life  of  an  iron  or  steel  bricige  is  so  short,  and  that  one  of  the  greatest 
of  all  railroad  expenses  is  the  renewal  of  metal  bridges.  Railroad  officials 
and  the  public  generally,  on  account  of  these  frequent  renewals,  have 
reached  the  conclusion  that  a  steel  bridge  has  to  be  replaced  regularly 
every  few  years,  and  hence  there  is  no  need  to  go  to  extra  expense  in  its 
design  or  construction  in  order  to  obtain  problematical  improvements. 
Such  an  idea  is  entirely  erroneous,  because  the  failure  and  wearing  out  of 
the  superstructure  of  metal  bridges  are  due  primarily  and  almost  exclusively 
to  faulty  designing,  especially  in  the  details.  A  modern  steel  bridge  care- 
full}'  designed  by  a  first-class  bridge  engineer,  constructed  under  proper 
supervision  and  thoroughly  painted  from  time  to  time,  will  last  for  an 
indefinitely  long  period,  even  if  it  be  materially  overloaded. 

One  of  the  most  serious  difficulties  that  a  bridge  specialist  has  to  en- 
counter is  the  necessity  for  convincing  possible  clients  that  his  services 
have  a  real  money  value  and  are  not  in  the  nature  of  a  luxury.  Eloquence 
may  enable  him  to  do  so;  but,  if  not,  time  surely  will;  because  the  user 
of  a  badly  designed  bridge,  if  he  live  the  ordinary  span  of  life  of  a  business 
man,  will  inevitably  learn  that  he  has  made  a  serious  mistake  in  entrusting 
to  incompetent  or  interested  parties  the  designing  and  the  supervision 
of  the  manufacture  and  erection  of  his  bridges.  A  good  proof  of  the 
value  of  a  bricige  specialist's  services  is  the  fact  that  whenever  a  railroad 
official  has  once  employed  a  competent  consulting  bridge  engineer,  he 
will  rarely  ever  build  any  more  important  bridges  without  retaining  an 
expert  to  do  the  designing  and  to  attend  to  the  supervision. 

In  the  entire  history  of  engineering  construction  no  greater  mistake 
can  be  found  than  the  entrusting  of  bricige  designing  to  the  superstructure 
manufacturers;  for  naturally,  with  a  few  notable  exceptions,  their  main 
object  is  to  make  all  the  money  they  can  out  of  the  contract,  irrespective 
of  the  interests  of  the  purchaser.  Their  aim  is  to  push  the  metal  work 
through  the  shops  as  quickly  and  cheaply  as  practicable  in  order  to  turn 
out  in  any  given  time  the  greatest  possible  tonnage  of  metal.  To  do  this 
the  detailing  is  simplified  in  every  way,  and  the  number  of  rivets  is 
reduced  to  an  absolute  minimum,  not  only  for  shop  work  but  also  for  field 
work,  as  the  manufacturer,  especially  on  large  bridges,  generally  contracts 
for  the  erection.  Each  rivet  omitted  means  so  many  cents  saved,  but 
usually  the  less  the  number  of  rivets  in  any  connection  the  weaker  the 
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detail,  hence  what  is  gained  bj'  the  manufacturer  and  erector  is  lost  by  the 
owner.  It  needs  only  a  very  small  reduction  in  th^  required  number  of 
rivets  for  a  connection  so  to  reduce  its  strength  as  to  permit  of  its  wearing 
out  quickly;  consequently  a  few  cents  saved  in  a  detail  may  not  only 
shorten  materially  the  life  of  a  structure  but  also  cause  a  frightful  disaster 
with  great  loss  of  life.  Again,  the  manufacturers'  engineers  generally 
design  bridges  solely  for  the  known  stresses  as  shown  on  the  stress  sheet, 
and  usually  neglect  to  consider  the  effect  of  secondary  stresses  and  that 
of  vibration  or  impact,  while  the  expert  bridge  specialist  always  gives 
these  important  matters  due  consideration. 

The  Quebec  Bridge  failure  is  a  glaring  example  of  the  evil  effects  of 
leaving  the  designing  to  the  bridge  manufacturer;  for  while  in  that  case 
there  was  nominally  a  consulting  engineer,  he  did  not  prepare  either 
stress  sheets  or  details,  but  entrusted  this  vitally  important  work  to  the 
manufacturers. 

In  connection  with  this  great  disaster  an  important  question  pertinent 
to  the  subject  of  this  chapter  was  raised  by  an  erroneous  statement  in  the 
testimony  of  one  of  the  witnesses,  and  this  statement  was  indirectly  endorsed 
editorially  by  Engineering  News.  Later  in  the  columns  of  that  paper 
the  author  challenged  it,  and  as  the  matter  is  of  great  importance  to 
both  the  engineering  profession  and  its  clients,  his  letter  is  here  reproduced. 
It  reads  thus: 

"In  connection  with  the  investigation  of  the  Quebec  Bridge  disaster  a  point  has 
been  raised  which,  in  my  opinion,  is  hkely  to  produce  an  erroneous  impression  on  the 
minds  of  your  readers.  I,  therefore,  beg  permission  to  call  attention  to  the  matter 
and  to  give  you  my  views  thereon  for  pubhcation. 

"From  p.  475  in  your  issue  of  October  31,  I  quote  the  following: 

"  'Q.  Do  you  consider  that  it  is  wise  practice  when  building  a  bridge  of  novel  character 
and  unprecedented  dimensions  to  place  the  design  of  the  structure  and  of  the 
methods  of  erection  in  the  hands  of  the  mechanically  trained  staff  of  a  con- 
tracting company,  and,  if  not,  why  was  this  practice  allowed  in  this  case? 

"'A.  In  answer  to  this  question,  it  is  the  general  practice  in  America  to  have  the  mechan- 
ically trained  staff  of  contracting  companies  prepare  the  working  plans.  As  a 
rule,  no  engineer  could  afford  to  maintain  a  staff  of  such  character  and  no 
corporation  would  hsten  to  a  fee  that  would  cover  any  such  expense.' 

"And  from  your  editorial  on  p.  587  in  the  issue  of  November  28, 1  quote  this  statement: 

"  'The  normal  and  proper  way  of  constructing  any  great  engineering  work  which  is 
done  by  contract  is  for  two  engineering  organizations  to  work  together.  The  one 
representing  the  contractor  and  the  other  representing  the  purchaser  can  check  each 
other's  errors,  can  study  the  work  from  different  points  of  view,  and  can  produce  a 
better  and  more  economical  result  working  in  co-operation  than  either  could  working 
alone.' 

"If  these  statements  are  not  contradicted,  the  general  public  wiU  be  led  to  beheve 
that  American  bridge  specialists  are  incapable  of  designing  great  bridges,  that  they 
have  to  fall  back  on  the  superior  (?)  knowledge  of  the  bridge  companies,  and  that  their 
sole  function  is  to  check  the  numerical  work  (and  perhaps  also  the  honesty)  of  the 
manufacturers'  designers. 

"  Unf ortimately,  the  old  and  still  too  prevalent  custom  of  railroad  companies  of 
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having  stress  sheets  prepared  by  their  own  engineers  and  of  leaving  the  detailing  to  the 
bridge  manufacturers  lends  some  credence  to  this  notion;  but  I  beg  to  state  most  emphat- 
ically that  any  considting  bridge  engineer  who  is  truly  worthy  of  that  distinguished 
appellation  is  not  only  capable  of  preparing  complete  designs  for  bridges  of  all  kinds, 
but  also  makes  an  exclusive  practice  of  so  doing. 

"The  consulting  engineer  who  prepares  specifications,  or  specifications  and  stress 
sheets,  only,  and  submits  them  to  bridge  manufacturers  for  the  detaiUng,  is  shirking 
his  work  and  is  not  earning  his  paj^.  Once  in  a  while  some  railroad  company,  as  a 
matter  of  supposed  economy,  insists  that  its  designing  must  be  done  in  this  manner; 
but  the  result  is  almost  invariably  unsatisfactory  in  that,  if  the  engineer  fail  not  in  his 
full  duty,  he  will  do  far  more  work  than  he  is  paid  for,  and  in  that  the  resulting  structure 
is  inferior  to  what  the  engineer  would  himself  have  designed,  because  the  outcome  as 
regards  the  detailing  is  invariably  a  compromise.  On  a  few  occasions  I  have  been 
placed  in  this  predicament,  and  the  result  has  always  been  unsatisfactory.  As  a  matter 
of  fact,  Uttle  or  no  economy  results;  for  when  the  contractor  does  the  detaiUng,  the 
cost  thereof  must  be  borne  by  the  purchaser  just  as  truly  as  though  the  consulting 
engineer  did  the  work  and  was  paid  directly  for  it;  because  this  item  is  hidden  in  the 
total  cost  of  the  structure.  Such  economy  as  the  practice  entails  springs  from  the 
fact  that  the  contractor  employs  cheaper  and  less  competent  men  to  do  the  work  than 
the  consulting  engineer  does. 

•'That  the  railroad  companies  of  this  country  are  beginning  to  understand  this  matter 
is  shown  by  the  fact  that  a  number  of  the  principal  systems  have  estabhshed  bridge 
departments  of  their  own  for  the  purpose  of  preparing  complete  detail  plans  for  all  the 
new  bridges  required,  as  well  as  to  supervise  the  maintenance  of  old  structures.  Again, 
many  other  railroad  systems  employ  independent  consulting  engineers  to  do  all  their 
bridge  designing  and  to  supervise  the  construction  of  all  important  structures. 

"To  the  practice  of  letting  the  superstructure  manufacturers  prepare  the  plans  of 
bridges  is  due  the  fact  that  so  many  railroad  structures  wear  out  and  have  to  be  renewed. 
Such  structures  fail  invariably  in  the  details.  An  old  bridge  designed  by  a  manu- 
facturing company  ordinarily  reaches  the  danger  Umit  when,  according  to  the  best 
modem  specifications  for  designing,  it  is  overstressed  fifty  (50)  per  cent,  or  in  some  cases 
even  less;  while  a  really  scientifically  detailed  bridge  will  be  perfectly  safe  imder  much 
greater  overloads. 

"In  defence  of  the  few  American  bridge  specialists  who  can  properly  claim  to  be 
entitled  'consulting  bridge  engineers,'  and  who  are  entirely  disassociated  from  the 
manufacturers,  my  firm  being  included,  I  desire  to  state  that  we  have  offices  so  organized 
that  the  entire  designing  in  every  detail  of  a  structure  as  large  and  important  as  the 
Quebec  Bridge,  or  even  larger,  would  be  done  by  us  without  any  aid  from  the  con- 
tractors. It  is  true  that  we  might  have  to  consult  them  occasionally  as  to  the  abihty 
of  their  shops  to  do  certain  work  in  a  certain  way;  but  most  assuredly  we  should  never 
have  to  ask  their  assistance  in  making  the  plans. 

"A  true  bridge  expert  is  an  engineer  who  is  thoroughly  posted  in  every  detail  of 
designing  and  construction,  and  who  has  had  ample  experience  not  only  in  the  designing 
office,  but  also  in  the  rolling  mills,  the  bridge  shops,  the  testing  room,  and  the  field. 
It  is  in  the  defence  of  such  engineers  that  I  am  sending  you  this  letter." 

It  is  not  only  in  large  structures  that  the  services  of  the  bridge  specialist 
are  required.  Small  ones  also  need  careful,  scientific  designing,  close 
inspection  in  rolling  mills  and  shops,  and  thorough  supervision  in  the  field, 
if  the  purchaser  is  to  obtain  the  full  worth  of  his  money.  Accidents  and 
failures  are  by  no  means  confined  to  large  structures — in  fact,  far  more  of 
them  happen  to  small  bridges  than  to  large  ones,  not  only  because  there 
are  more  of  the  former  than  of  the  latter,  but  also  because,  as  a  rule,  more 
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care  is  given  to  the  designing,  manufacture,  and  erection  of  large  and 
expensive  structures  than  is  usual  in  the  case  of  small  and  cheap  ones. 
Bridges  as  insignificant  as  rolled  I-beam  spans  often  require  the  trained 
judgment  of  the  bridge  specialist  in  their  designing.  This  was  shown  once 
in  the  author's  practice,  when  one  of  his  clients,  in  order  to  save  a  small 
fee  for  designing,  had  a  little  ten-foot  span  designed  by  his  railroad  engineer, 
with  the  result  that  on  account  of  his  forgetting  the  heavy,  single-axle 
concentration  from  one  of  the  passenger  locomotives,  some  ten  or  twelve 
of  these  little  structures  had  to  be  strengthened  by  doubling  the  number 
of  lines  of  I-beams. 

In  the  days  when  it  was  customary  for  railroad  companies  to  call  for 
competitive  bids  and  to  let  their  bridges  by  the  lump  sum  to  the  lowest 
bidder  (and,  alas,  this  pernicious  custom  has  not  yet  quite  passed  out  of 
existence)  the  evil  effects  of  doing  bridgework  without  competent  engineers 
was  more  marked  than  it  is  today,  as  it  is  now  usual  to  purchase  railroad 
bridges  by  the  pound  either  delivered  on  cars  or  erected.  Still  today 
the  bridge  specialist  is  needed  not  only  to  secure  proper  designs  but  also  to 
protect  his  clients'  interests  against  overcharge  and  fraud;  because  when 
bridges  are  paid  for  by  the  pound  and  when  the  designing  is  left  to  the 
manufacturer  there  is  a  great  temptation  to  put  in  much  unnecessary 
metal,  generally  in  the  main  members  instead  of  in  the  details  where  it 
might  do  good  by  stiffening  the  structure  and  increasing  its  resistance  to 
impact.  An  amusing  incident  once  occurred  in  the  author's  experience 
that  confirms  the  last  statement  and  illustrates  clearly  the  necessity  for 
disinterested  engineering  supervision. 

An  engineer  was  engaged  in  compiling  the  records  of  weights  of  metal 
in  bridges  designed  by  one  of  the  largest  American  bridge  companies,  and 
could  not  derive  satisfactory  curves  for  his  diagrams  because  of  the  great 
variation  in  the  weights  per  foot  of  structure.  One  day  in  despair  he  went 
to  the  Chief  Engineer  with  a  glaring  case  of  variation  and  said:  "How  do  you 
account  for  this? — here  are  two  bridges  of  the  same  span,  designed  for  the 
same  live  load  and  under  the  same  specifications,  and  yet  their  weights 
of  metal  per  lineal  foot  vary  twenty-five  per  cent!"  The  reply  was:  "My 
dear  fellow,  that  is  dead  easy,  one  was  built  for  a  lump  sum  and  the  other 
for  a  pound  price." 

Even  if  the  bridge  companies  were  always  perfectly  honest  in  designing 
bridges,  they  could  not  obtain  the  best  possible  structures,  because  their 
designers  spend  their  entire  lives  in  the  offices  of  the  company  and  never 
see  in  the  field  how  their  bridges  act  under  load;  while,  on  the  other 
hand,  both  the  independent  consulting  bridge  engineers  and  the  salaried 
bridge  engineers  of  railways  are  continually  inspecting  defective  structures, 
learning  their  weak  points,  and  evolving  methods  of  improving  designs  for 
new  bridges.  In  this  particular  the  consulting  engineer  has  a  decided 
advantage  over  his  salaried  brother,  for  the  former's  experience  is  with 
many  roads,  while  the  latter's  is  generally  confined  to  but  one. 
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There  are  very  few  chief  engineers  of  railways  who  are  at  all  thoroughly 
posted  about  bridgework;  and  the  higher  such  men  stand  professionally 
the  more  ready  they  usually  are  to  confess  their  ignorance  and  to  call  in 
specialists  to  aid  them  in  designing  and  building  their  structures.  It  is 
only  the  small,  narrow-gauge  man  who  claims  that  he  knows  all  about 
everything;  and  it  stands  to  reason  that,  if  a  railroad  engineer  is  really  an 
expert  on  bridges,  he  is  almost  sure  to  be  deficient  in  general  knowledge  of 
man}^  imix)rtant  branches  of  engineering  connected  with  railroad  work; 
for  nowadays  life  is  too  short  to  cover  the  entire  field  of  professional 
knowledge  and  experience  in  such  a  broad  subject  as  railroading.  When 
a  railroad  engineer  claims  that  he  is  ''a  pretty  good  bridge  engineer  him- 
self," as  he  sometimes  does,  it  is  safe  to  put  him  down  as  a  "jack  of  all 
trades  and  a  master  of  none." 

Except  in  the  case  of  very  large  and  wealthy  railway  companies  which 
can  afford  to  pay  big  salaries  for  engineering  work,  it  is  better  for  a  railroad 
company  to  retain  some  bridge  specialist  or  some  firm  of  consulting  bridge 
engineers  to  attend  to  all  the  engineering  of  its  bridgework  rather  than  to 
establish  a  corps  of  bridge  engineers  of  its  own.  The  reasons  for  this  are 
as  follows: 

First.  The  work  will  be  better  done  by  a  trained  specialist  than  by  a 
mediocre  man  working  on  a  salary. 

Second.  In  case  of  accident  to  a  bridge  involving  loss  of  life,  the  rail- 
road company  will  escape  more  easily  both  public  censure  and  heavy 
damages  if  it  can  show  that  it  did  its  utmost  to  avoid  such  trouble  by 
employing  specialists  eminent  in  their  profession  to  engineer  its  structures. 

Third.  It  is  generally  less  expensive  in  the  end  to  pay  specialists  the 
regular  standard  percentage  fees  than  to  maintain  constantly  on  salaries 
a  regular  bridge  engineering  force,  because  when  the  specialists  are  not 
working  for  the  company  they  are  not  paid,  while  the  salaries  go  on  month 
after  month,  year  after  year,  regardless  of  whether  the  men  are  busy  or 
idle;  and  it  is  not  practicable  to  discharge  salaried  bridge  engineers  when 
work  runs  short  and  to  pick  up  others  when  it  is  resumed,  if  one  expects 
to  have  the  work  done  satisfactorily  and  effectively. 

Too  often  railroad  companies  deem  that  any  cheap  engineer  who  has 
had  a  few  years  of  experience  in  bridge  drafting  will  suffice  for  their  regular 
bridge  engineer;  and  while  they  do  not  always  learn  it  quickly,  they  are 
continually  paying  for  his  mistakes  and  lack  of  wide  experience.  A 
glaring  case  of  this  kind  once  came  to  the  author's  knowledge,  in  which 
the  chief  draftsman  of  a  bridge  manufacturing  company  was  secured  for 
a  small  salary  to  act  as  bridge  engineer  for  an  important  railroad  system. 
Some  of  the  designs  that  he  prepared  were  extravagant  and  others  were 
absurd.  For  instance,  in  a  long,  high,  deck  bridge  he  widened  at  great 
expense  the  piers  so  as  to  reduce  their  height  and  surmounted  them  with 
braced  steel  towers;  and  he  evolved  a  hybrid  truss,  partly  riveted  and 
partly  pin-connected,  the  pins  being  located  on  the  axial  lines  for  the 
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eye-bar  diagonals  but  eccentric  to  those  of  the  chords.  The  best  shop 
work  possible  cannot  ensure  that  for  such  construction  the  pin  centres 
shall  be  in  exact  position,  and  as  the  eye-bar  diagonals  were  not  provided 
with  means  for  adjustment,  the  result  is  certain  to  be  that  some  of  the 
diagonals  will  be  loose  and  that  others  will  be  overstressed.  The  errors 
of  this  cheap  engineer  will  eventually  cost  his  company  many  times  the 
amount  of  the  fees  that  it  would  have  had  to  pay  competent  speciaUsts 
for  doing  the  designing. 

When  a  railroad  company  employs  a  bridge  specialist,  it  should  have 
complete  confidence  in  him  and  should  leave  all  the  details  of  the  bridge 
work  entirely  in  his  hands,  being  guided  by  his  advice  and  counsel  in  all 
matters  relating  to  the  structures  for  the  line.  Any  interference  with  him 
in  his  duties  will  breed  trouble  and  expense;  and  when  the  president  or 
general  manager  thinks  that  he  knows  more  about  bridges  than  does  the 
specialist,  it  is  time  to  make  a  change  in  the  manner  of  handling  the 
bridgework  of  the  road;  for  no  self-respecting  engineer  should  permit 
unwarranted  interference  with  his  duties  by  any  one,  even  the  president 
of  the  railway. 

Examples  of  the  ill  effects  of  such  interference  have  occurred  in  the 
author's  practice,  among  which  may  be  mentioned  the  following: 

On  some  foreign  work  the  president  of  the  road  requested  the  resident 
engineer,  who  represented  the  bridge  specialists,  to  change  the  specifica- 
tions for  building  certain  small  piers  and  abutments  so  as  to  permit  therein 
the  use  of  lime  instead  of  Portland  cement.  The  resident  engineer  very 
properly  objected  and  reported  the  matter  to  his  principals,  who  refused 
in  writing  to  make  the  change;  then,  when  the  president  insisted  upon  the 
modification,  they  arranged  to  have  the  supervision  of  the  construction 
of  all  the  said  piers  and  abutments  taken  out  of  their  jurisdiction  and  trans- 
ferred to  that  of  the  chief  engineer  of  the  railroad.  The  result  was  that 
over  one  hundred  thousand  dollars'  worth  of  substructure  had  to  be  taken 
out  and  replaced  because  it  was  not  strong  enough  to  carry  even  the  dead 
load  of  the  spans. 

In  another  case  a  design  for  a  small  bridge  did  not  please  the  chief 
engineer  because  of  alleged  lack  of  economy  due  to  excessive  length  of 
superstructure,  and  he  persuaded  the  president  to  order  it  shortened. 
The  original  design  involved  a  cheap  buried  pier  at  each  end  to  support 
a  50-foot,  deck,  plate-girder  span,  the  middle  span  being  of  the  same  type 
but  70  feet  long,  and  the  intermediate  supports  being  steel  bents  on 
little  concrete  pedestals.  The  alternative  design,  which  in  spite  of  an 
emphatic,  written  protest,  was  adopted,  consisted  of  a  125-foot  deck, 
open-webbed,  riveted  truss  span  resting  on  two  high  concrete  abut- 
ments. The  total  cost  of  the  structure  was  increased  twenty-five  per 
cent  by  the  change. 

In  another  case  the  bridge  engineers  were  compelled  to  use  an  inferior 
cement  because  its  manufacturer  would  be  an  important  patron  of  the 
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railroad;  and  when  they  tendered  their  resignation  they  were  begged  to 
finish  the  work  on  the  understanding  that  they  were  not  to  be  held  re- 
sponsible for  the  efficiency  of  the  substructure.  While  the  concrete 
thereof  hardened  after  a  long  time,  the  piers  are  certainly  not  as  good 
as  they  would  have  been  had  first-class  cement  been  employed. 

In  another  case  the  superintendent  of  bridges  of  a  railroad,  to  whom 
the  bridge  specialists  reported,  insisted  upon  the  resident  engineer  raising 
the  base  of  a  concrete  abutment,  which  rested  on  wooden  piles,  two  feet 
above  low-water  elevation,  simply  because  the  excavation  was  endangering 
his  old  timber  trestle.  The  resident  engineer  was  weak  enough  to  comply, 
instead  of  reporting  the  matter  to  his  principals,  who  would  certainly 
have  refused  to  permit  the  change;  and  the  result  is  a  pile  foundation 
that  some  day  may  fail  because  the  piles  are  exposed  to  the  air.  How- 
ever, as  they  are  surrounded  by  earth  up  to  the  concrete  and  are  hkely 
to  remain  so,  it  is  probable  that  the  evil  day  is  far  distant.  It  would  have 
been  much  better,  though,  to  spend  a  few  dollars  on  reinforcing  the  old 
trestle  rather  than  subject  the  abutment  of  an  otherwise  truly  first-class 
bridge  to  the  possibility  of  failure  even  in  the  distant  future. 

The  ideal  bridge  specialist  is  an  engineer  who  has  had  a  broad,  liberal, 
general  education,  who  is  a  graduate  of  some  technical  school  of  high 
standing,  who  has  had  a  varied  experience  in  several  other  lines  of  en- 
gineering than  bridges,  who  has  a  practical  knowledge  of  all  the  work  in 
the  rolling  mills  and  bridge  shops,  who  is  fairly  expert  in  testing  materials, 
who  is  versed  in  the  commercial  as  well  as  in  the  professional  features  of 
bridge  building,  who  has  served  for  several  years  in  both  office  and  field 
under  some  competent  consulting  bridge  engineer  before  starting  in 
practice  for  himself,  who  has  developed  sound  judgment  from  being 
connected  with  the  handling  of  large  enterprises,  who  is  both  honest 
toward  his  clients  and  fair  toward  his  contractors,  and  who  is  not  only 
eminently  energetic  himself  but  also  capable  of  making  every  man  under 
him  exert  his  best  efforts  on  the  work.  The  bridge  specialist  should 
have  some  knowledge  of  the  law  of  contracts,  should  be  expert  in  the 
preparation  of  specifications,  contracts,  estimates,  reports,  prospectuses, 
and  similar  papers,  and  should  be  such  a  master  of  his  own  language  that 
his  literary  productions  are  models  of  clearness,  vigor,  thoroughness, 
completeness,  and  elegance  of  diction.  He  should  ever  be  both  a  student 
and  practitioner  of  true  economy  in  design  and  construction,  and  he 
should  pay  special  attention  to  rigidity  as  well  as  strength.  He  should 
give  due  attention  to  aesthetics  in  designing  by  beautifying  in  every  prac- 
ticable way  the  structures  that  he  plans  and  builds.  He  should  also 
study  the  action  of  old  structures  under  passing  loads  not  only  to  deter- 
mine concerning  their  safety,  but  also  to  ascertain  their  weaknesses  so  as 
to  avoid  them  in  future  designs.  He  should  be  systematic  in  all  that  he 
does,  and  he  should  make  a  practice  of  so  recording  and  filing  that  every- 
thing of  value  connected  with  his  work  may  be  readily  found.     In  dealing 
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with  contractors,  while  primarily  protecting  his  clients'  interests,  his 
position  should  be  judicial.  In  all  business  relations  he  should  be  tactful 
and  polite,  for  otherwise  he  ^vill  either  fail  to  accomplish  desired  results 
or  will  do  so  by  the  expenditure  of  much  wasted  energj^  and  effort.  While 
being  careful  and  painstaking  in  every  detail  of  his  work,  he  should  know 
how  to  transfer  to  others  the  burden  of  such  details  and  to  see  that  they 
give  them  the  necessary  attention.  While  conservative  in  guarding  his 
clients'  interests,  he  should  ever  be  progressive;  and,  instead  of  being  a 
worshipper  of  precedent,  he  should  become  an  advocate  and  practitioner 
of  legitimate  innovation.  And,  finally,  he  should  give  to  the  engineering 
profession  the  benefit  of  his  researches,  discoveries,  and  accumulated 
knowledge  by  writing  technical  books,  and  by  preparing  papers  for  the 
engineering  societies,  instead  of  selfishly  reserving  such  information  for 
his  own  personal  use  and  benefit. 

The  life  of  a  bridge  specialist  is  by  no  means  easy,  for  like  every  one 
else  he  has  his  grievances;  but  he  must  learn  to  bear  with  those  that  are 
unavoidable  and  overcome  the  rest;  and  his  governing  motto  should 
ever  be  "integrity,  thoroughness,  and  progress." 


CHAPTER  III 

ORDINARY   MATERIALS   OF  BRIDGE   CONSTRUCTION 

In  this  chapter  there  will  be  discussed  rather  concisely  each  of  the 
ordinary  materials  employed  in  the  construction  of  bridges,  beginning 
with  those  for  superstructure,  then  passing  to  those  for  substructure,  shore 
protection,  etc.  Alloy  steels,  however,  the  use  of  which  is  a  new  departure 
in  bridge  building,  will  be  reserved  for  the  next  chapter. 

KoLLED  Carbon  Steel 

Ordinary  rolled  steel  used  for  bridge  superstructures  is  divided  into 
three  classes,  viz.,  soft,  medium,  and  high,  but  the  exact  limits  thereof 
are  not  accurately  determined.  Without  laying  oneself  open  to  severe 
criticism,  it  may  be  stated  that  soft  steel  has  an  ultimate  strength  of 
from  50,000  lbs.  to  60,000  lbs.  per  square  inch;  medium  steel  from  60,000 
lbs.  to  70,000  lbs.  per  square  inch;  and  high  steel  from  70,000  lbs.  to  80,000 
lbs.  per  square  inch. 

Soft  steel  is  mainly  used  for  rivets  and  adjustable  rods,  and  medium 
steel  for  most  of  the  other  parts  of  bridges.  High  steel  in  the  past  has 
occasionally  been  employed  for  eye-bars  in  bridges  of  long  span,  but  of 
late  it  has  been  replaced  by  nickel  steel.  It  is  legitimate  to  make  pins 
and  expansion  rollers  of  high  steel ;  but  it  is  hardly  worth  while,  for  their 
weight  is  such  a  small  percentage  of  that  of  the  whole  superstructure 
that  it  would  scarcely  pay  to  use  a  special  steel  for  their  manufacture, 
unless  it  were  really  desirable  to  reduce  the  diameters  of  the  pins  or  the 
sizes  of  the  roller  bases.  High  steel  has  sometimes  been  employed  for 
the  manufacture  of  built  members,  but,  really,  it  is  unfit  for  this  purpose, 
as  it  is  too  brittle  to  withstand  properly  the  various  manipulations  to 
which  bridge  metal  is  subjected  in  the  shops. 

The  current  practice  of  American  steel  manufacturers  is  to  make  but 
little,  if  any,  distinction  between  the  soft  and  the  medium  steels  used  for 
bridgework.  They  keep  the  ultimate  strength  of  most  of  their  product 
down  to  from  60,000  lbs.  to  62,000  lbs.  per  square  inch,  their  object  in  so 
doing  being  purely  commercial.  It  costs  no  more  to  manufacture  medium 
steel  of  strength  between  60,000  lbs.  and  70,000  lbs.  per  square  inch  and 
having  an  average  of  66,000  lbs.  than  it  does  to  manufacture  a  steel  hav- 
ing an  average  strength  of  4,000  lbs.  or  5,000  lbs.  per  square  inch  less, 
excepting,  perhaps,  that  the  higher  product  is  slightly  more  liable  to 
rejections.    As  far  as  the  manufacture  of  bridges  is  concerned,  it  really 
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costs  no  more  to  use  the  true  medium  steel  than  it  does  to  employ  the 
compromise  product  of  the  manufacturers;  and  the  structures  built  from 
the  higher  metal  are  in  every  way  as  good  and  reliable  as  those  built 
from  the  lower,  while  they  have  five  (5)  or  six  (6)  per  cent  greater  strength. 
One  of  the  manufacturer's  principal  objects  in  using  the  softer  steel  for 
bridges  is  to  avoid  reaming  the  rivet  holes;  but  such  avoidance  for  any 
kind  of  steel  is  not  good  practice.  No  matter  how  soft  the  metal  may 
be,  it  should  be  reamed:  primarily,  so  as  to  make  the  holes  of  the  com- 
ponent pieces  match  properly;  and,  secondarily,  so  as  to  remove  most 
of  the  metal  that  is  injured  during  the  process  of  punching.  This  ques- 
tion is  of  such  importance  that  it  is  dealt  with  at  length  elsewhere  in  this 
treatise.  The  composition  and  qualities  of  rolled  carbon  steel  of  all  kinds 
used  in  bridgework  are  treated  fully  in  Chapter  LXXIX. 

In  times  past  there  have  been  many  discussions  concerning  the  rela- 
tive merits  of  Bessemer,  acid  open-hearth,  and  basic  open-hearth  steels. 
The  author  has  always  opposed  the  use  of  Bessemer  steel  for  bridgework 
on  the  ground  that  it  is  unreliable  and  subject  to  cracking,  and  today  the 
stand  he  has  taken  is  confirmed  by  the  established  practice  of  the  best 
American  bridge  engineers,  who  unanimously  bar  Bessemer  steel  from 
their  structures.  For  many  years  acid  open-hearth  steel  was  rightly  con- 
sidered superior  to  basic  open-hearth  steel  in  that  it  was  more  reliable, 
but  the  process  of  manufacture  of  the  latter  product  has  been  so  much 
improved  that  it  is  now  superior  to  the  former — in  fact,  it  is  today  used 
almost  exclusively  in  bridge  construction. 

Those  interested  in  the  designing  and  construction  of  metallic  struc- 
tures are  often  asked  how  much  carbon  there  is  in  the  various  kinds  of 
steel  used  therein,  and  generally  the  question  remains  unanswered  be- 
cause of  inability  to  reply,  the  reason  being  that  the  amount  of  carbon  is 
not  specified  by  the  bridge  engineer,  but  is  left  to  the  discretion  of  the 
metal  manufacturer.  The  author,  of  course,  has  had  for  many  years  a 
general  idea  of  the  amounts  used;  but,  in  order  to  speak  on  the  subject 
authoritatively,  a  short  time  ago  he  asked  one  of  the  high  officials  of  the 
Carnegie  Steel  Company  to  state  the  amounts  to  him,  and  he  obtained 
in  that  manner  the  information  given  in  the  following  table. 

Carbon  Steel 


Ultimate  Strength  in 
Pounds  per  Square  Inch 

Percentages  of  Carbon  in 
the  steel 

50,000 
60,000 
70,000 
80,000 
90,000 

0.25  to  0.30 
0.30  to  0.35 
0.35  to  0.40 
0.40  to  0.45 
0.45  to  0.50 

The  amount  of  manganese  in  such   carbon  steels  varies  uniformly 
from  0.5  per  cent  in  the  soft  steel  to  0.7  per  cent  in  the  highest  steel. 
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The  ordinary  metal  sections  employed  in  American  bridge  designing 
are  as  follows:  plates,  angles,  I-beams,  channels,  flats,  Z-bars,  buckled 
plates,  trough-sections,  corrugated  plates,  H-sections,  tees,  and  rein- 
forcing bars. 

Plates  are  rolled  in  width  as  great  as  eleven  (11)  feet,  and  in  length 
up  to  seventy  (70)  feet  for  the  narrowest  and  eighteen  (18)  feet  for  the 
widest  sizes,  the  thickness  being  limited  to  two  and  a  quarter  (23^)  inches. 
Plates  of  even  greater  dimensions  than  these  can  sometimes  be  obtained 
by  paying  a  special  price  for  them.  There  are  two  kinds  of  plates  used, 
viz.,  sheared  plates  and  universal  mill  plates.  The  latter  are  limited  in 
width  to  about  four  (4)  feet. 

Angles  are  rolled  up  to  the  limit  of  eight  (8)  inches  by  eight  (8)  inches 
and  up  to  a  thickness  of  an  inch  and  an  eighth  (13^).  For  ordinary  sections 
they  can  be  obtained  up  to  one  hundred  (100)  feet  and  over  in  length;  but 
for  very  heavy  sections  the  limit  is  less.  There  is  no  hard  and  fast  limit 
of  length  given  by  the  manufacturers;  and  it  is  probable  that  for  special 
cases  great  lengths  for  the  heavy  sections  could  be  procured  by  paying 
a  special  pound  price.  It  is  not  good  poHcy,  though,  to  order  special 
sections  or  lengths  for  any  rolled  metal,  because  of  the  delays  that  are 
usually  involved  in  the  execution  of  such  orders. 

The  ordinary  limit  of  depth  for  I-beams  is  twenty-four  (24)  inches, 
but  the  Bethlehem  Steel  Company  on  its  list  of  special  sections  has  beams 
of  26,  28,  and  30  inches  depth.  That  Company  at  first  experienced  seri- 
ous difficulty  with  its  special  sections;  but  it  has  been  entirely  overcome. 
This  is  fortunate,  because  these  very  deep  beams  are  a  great  boon  to 
bridge  designers  and  builders. 

With  the  exception  of  some  eighteen  (18)  inch  channels  listed  by  the 
Cambria  Steel  Company,  but  not  yet  in  general  use,  none  of  the  sections 
deeper  than  fifteen  (15)  inches  have  been  employed.  There  is  an  impression 
prevalent  that  the  deeper  sections  warp  badly  in  cooling.  There  is  no 
limiting  length  for  I-beams  and  channels  set  by  the  rolling  mills,  and  the 
bridge  designer  generally  finds  no  difficulty  in  procuring  these  sections 
in  as  great  lengths  as  he  desires. 

Flats  can  be  obtained  up  to  any  length  and  section  needed  in  bridge 
designing.  Z-bars  are  rolled  up  to  six  (6)  inches  depth  only  and  to  a  thick- 
ness of  seven-eighths  (J^)  of  an  inch.  As  this  type  of  section  makes  an 
excellent  column,  it  is  to  be  hoped  that  the  American  manufacturers  will 
soon  roll  larger  sizes. 

Buckled  plates  are  manufactured  up  to  four  (4)  feet  in  width  and 
in  lengths  up  to  about  thirty  (30)  feet,  the  rise  being  limited  to  three  and 
a  half  (33^2)  inches. 

Trough  plates  when  riveted  together  form  troughs  about  six  (6)  inches 
deep  with  a  distance  of  eight  (8)  inches  between  centres  of  adjoining 
sections. 

Corrugated  plates  are  rolled  in  width  from  eight  (8)  to  twelve  (12) 
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inches,  in  thickness  up  to  one-half  (^)  inch,  and  in  rise  from  one  and  a 
half  (13^)  to  two  and  three-quarters  (2^)  inches. 

These  buckled  and  corrugated  plates  are  mainly  used  to  support  pave- 
ments of  highway  bridges,  and  the  trough  plates  to  carry  railway  ties  in 
ballast. 

H-sections  have  been  rolled  in  America  for  a  few  years  only,  but  they 
have  been  procurable  from  Europe  for  some  time.  They  make  excellent 
small  columns  for  highway  bridges  and  can  be  used  for  diaphragms  of 
heavy  built  columns.  They  are  procurable  up  to  fourteen  (14)  inches  in 
depth  by  fourteen  (14)  inches  in  width.  It  is  probable  that  they  will  be 
largely  used  in  future  by  bridge  designers. 

Tees  are  very  seldom  required  in  bridge  designing.  Formerly  they 
were  employed  for  plate-girder  stiffeners,  but  of  late  years  they  have  been 
superseded  almost  entirely  by  angles. 

Reinforcing  bars  are  made  of  various  types  and  sections,  some  good 
and  others  but  little  better  than  plain  bars,  of  which  many  as  yet  are 
used  for  reinforcing — especially  in  Europe.  The  best  kinds  are  the  cor- 
rugated ones,  but  there  is  a  choice  between  these,  those  having  transverse 
corrugations  being  preferable  to  those  having  longitudinal  corrugations. 
Square,  twisted  bars  are  inferior  to  corrugated  ones,  and  it  is  doubtful  wheth- 
er they  are  superior  to  plain  bars.  Reinforcing  bars  are  rolled  in  both  high 
and  medium  steels,  the  principal  advantage  of  the  former  being  an  economy 
in  weight  of  metal,  and  the  advantages  of  the  latter  a  greater  facility  for 
fabricating  in  the  field,  a  less  brittleness,  and  occasionally  a  trifling  saving 
in  pound  price.  The  author's  invariable  practice  is  to  use  medium  steel 
for  reinforcing  bars. 

Besides  the  preceding  sections  there  are  employed  sometimes  in  bridge- 
work  the  following:  sheet-piling  sections,  bulb  angles,  round-back  angles, 
rail-guard  angles,  square-root  angles,  and  hand-rail  tees,  all  of  which  can 
be  found  thoroughly  illustrated  and  described  in  the  handbooks  of  the 
various  manufacturers  of  rolled  metal. 

Cast  Steel 

The  composition  of  cast  steel  varies  but  little  from  that  of  rolled 
medium  steel,  except  that  the  carbon  content  and  the  permissible  per- 
centages of  certain  impurities  are  a  trifle  higher.  In  strength  it  lies  about 
half-way  between  the  medium  and  the  high  steels.  For  many  years  it 
was  almost  impossible  to  procure  cast  steel  suitable  for  bridgework,  owing 
mainly  to  blow-holes  and  other  serious  flaws  in  the  castings;  but  today 
it  is  otherwise,  for  now  one  can  count  upon  obtaining  satisfactory  castings 
without  an  undue  amount  of  troul)le.  Unfortunately,  though,  the  high 
price  of  steel  castings,  which  until  lately  appeared  to  be  unavoidable,  has 
prevented  their  adoption  to  any  great  extent  in  bridge  building;  but 
there  is  a  tendency  today  on  the  part  of  the  manufacturers  to  substitute 


ORDINARY   MATERIALS   OF   BRIDGE    CONSTRUCTION  49 

cast  steel  shoes  and  pedestals  for  built  ones,  and  the  pound  prices  for 
machinery  castings  have  been  lowered.  It  is  now  feasible  to  rivet  steel 
castings  to  other  metal  work  without  running  any  serious  risk  of  cracking 
them.  They  are  highly  desirable  for  certain  parts  of  movable  bridges, 
and  their  wider  adoption  is  probably  only  a  matter  of  time.  It  is  by 
means  of  steel  castings  that  the  articulation  of  compression  chords  of 
bridges  may  be  accomplished — which,  in  the  author's  opinion,  is  a  desid- 
eratum of  great  importance  for  the  science  of  bridge  designing.  A  reference 
to  this  point  will  be  found  in  Chapter  XXII. 

Cast  Iron 

As  a  rule,  it  is  best  to  bar  out  cast  iron  from  bridge  building;  never- 
theless there  are  places  where  it  may  legitimately  be  employed — for  in- 
stance, in  heavy  base-plates  that  rest  on  masonry  and  which  are  used 
for  the  purpose  of  distributing  great  loads  over  large  areas,  in  counter- 
weights, in  wood-washers,  and  in  certain  bearing  blocks  for  operating 
machinery.  None  but  the  very  best  quaUty  of  cast  iron  should  be  em- 
ployed for  bridge  building,  excepting  of  course  in  counter-weights  where 
weight  is  the  sole  desideratum. 

Wrought  Iron 

Wrought  iron  nowadays  is  rarely  used  in  bridge  building.  Its  sole 
function  there  is  for  the  manufacture  of  loop  eye-bars,  which  have  to 
be  welded.  Wrought  iron  is  greatly  superior  to  steel  for  welding  pur- 
poses; hence  it  is  still  employed  occasionally  for  hangers  and  suspenders 
in  highway  bridge  building.  It  has  another  feature  of  superiority  to 
steel  in  that  it  resists  corrosion  far  better.  If  it  could  be  purchased  at 
about  the  same  price  as  steel,  it  would  be  advisable  to  adopt  it  in  places 
where  resistance  to  deterioration  rather  than  strength  is  the  main  func- 
tion of  the  metal;  for  instance,  in  the  shells  and  bracing  of  cylinder  piers, 
and  where  the  metal  is  to  lie  in  or  close  to  salt  water.  The  wrought  iron 
employed  in  bridge  building  some  twenty-five  or  thirty  years  ago  was 
generally  a  most  superior  metal,  as  is  evidenced  today  by  its  demand 
for  blacksmith  shops  when  the  old  structures  are  removed. 

Wire  Rope 

There  is  an  unfounded  prejudice  on  the  part  of  many  engineers  and 
users  of  bridges  against  the  adcfption  of  wire  rope  in  bridge  building;  for 
when  it  is  of  the  proper  quality,  it  is  just  as  desirable  and  useful  as  any 
other  of  the  materials  employed  therein.  For  movable  spans  it  is  emi- 
nently suitable,  as  it  affords  a  cheaper  and  more  reliable  means  of  opera- 
tion than  does  the  rack-and-pinion  method.  None  but  the  strongest  and 
most  pliable  wire  ropes  manufactured  should  be  used  in  the  building  of 
bridges;  because  the  difference  in  price  between  a  good  and  an  inferior 
rope  is  a  bagatelle. 
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Wire  ropes  are  made  with  both  hemp  and  wire  centres.  The  former 
are  generally  the  better  for  bridgework,  unless  the  feature  of  non-stretch- 
ing is  of  importance.  All  wire  ropes  will  stretch  more  or  less  under  use, 
but  those  with  hemp  centres  far  more  than  those  with  wire  centres.  On 
the  other  hand,  the  latter  require  much  larger  sheaves  than  the  former, 
and  these  details  are  expensive.  For  the  cables  of  suspension  bridges 
the  bending  of  the  rope  is  not  an  important  consideration,  hence  wire 
centres  are  advisable,  not  only  because  of  their  greater  strength,  but 
principally  because  the  stretching  of  the  cables  would  be  objectionable. 
Such  stretching  is  generally  small  in  standing  cables;  nevertheless  it  does 
exist,  for  the  component  strands  tend  to  close  up  even  in  stationary  ropes. 
Every  engineer  who  purposes  using  wire  rope  in  his  constructions  should 
not  only  post  himself  thoroughly  about  the  qualities  and  characteristics 
of  the  different  kinds  procurable,  but  also  should  familiarize  himself  with 
the  correct  methods  of  figuring  and  combining  the  various  stresses  to 
which  they  are  subjected  by  both  direct  load  and  bending. 

Wire 

Wire  is  used  for  bridgework  also  in  reinforced  concrete  and  in  mat- 
tresses. For  the  former,  strength  is  the  prime  requisite,  but  for  the  latter 
it  is  pliability.  Wire  mesh  is  employed  in  concrete  piles  and  for  cheap 
fences  or  railings  of  highway  bridges. 

Copper 

Copper  is  utilized  but  little  in  bridgework.  Its  use  is  confined  mainly 
to  electric  wiring  of  operating  machinery  and  to  building  the  gutters  and 
down-spouts  of  machinery  houses. 

Bronze 

Bronze  is  used  in  bridgework  only  for  high-pressure  bearings;  for 
instance,  in  the  pivot  sockets  of  centre-bearing  swing  spans,  or  sheave- 
journals  of  vertical  lift  bridges. 

Babbitt  Metal 

Babbitt  metal  is  sometimes  adopted  for  machinery  bearings,  but  its 
principal  use  in  bridge  building  is  for  filling  sockets  in  the  attachment 
thereto  of  wire  rope.  It  is  melted  and  poured  in  between  the  spread  and 
turned-back  ends  of  the  individual  wires,  thus  preventing  their  pulling 
through  the  eye.  Of  late  zinc  has  largely  replaced  Babbitt  metal  for 
filling  sockets. 

Tin  Plate 

Tin  plate  is  employed  in  bridge  building  only  in  the  covering  of  the 
roofs  of  machinery  houses.  It  is  important  to  specify  the  best  quality 
that  the  market  affords,  as  there  is  no  economy  in  using  an  inferior  article. 
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Lead 

Lead  is  sometimes  adopted  to  procure  an  even  bearing  between  metal 
and  masonry,  but  as  the  pressure  makes  it  flow  into  the  interstices  of  the 
stone,  an  objectionable  splitting  tendency  results,  hence  the  practice  is 
not  to  be  recommended.  Lead  is  also  employed  to  exclude  water  from 
the  expansion  joints  in  concrete  floor-slabs;  but  otherwise  it  is  not  much 
used  in  bridgcwork.  As  there  is  no  other  use  for  lead  in  bridge  building, 
that  metal  may  properly  be  excluded  from  the  list  of  materials  employed 
in  bridgework. 

Paint 

This  is  such  an  important  material  for  bridges  that  an  entire  chapter 
(No.  XXXIV)  is  devoted  to  its  discussion. 

Paint-Skins 

Paint-skins  are  utilized  for  filling  small  spaces  in  metal  work  before 
the  protective  covering  is  applied.     Asphaltum  is  sometimes  used  instead. 

Asphalt 

Asphalt  is  employed  in  bridge  building  mainly  for  pavements;  but 
when  mixed  with  pitch,  it  is  used  between  the  layers  and  in  the  cracks 
of  planking  and  in  coating  bolt-holes  in  wood. 

Pitch 
Pitch  is  used  in  bridges  for  protecting  wood  and  for  caulking  caissons. 

Oakum 

Oakum  also  is  used  for  the  latter  purpose. 

Felt 

Felt  is  utilized  in  bridge  building  mainly  for  expansion  joints  in  con- 
crete and  for  placing,  when  covered  with  hot  asphaltum  or  pitch,  between 
the  two  thicknesses  of  plank  flooring,  or  under  pavements  to  prevent 
leakage. 

Asbestos 

Asbestos  in  the  form  of  cloth  is  sometimes  employed  instead  of  felt 
for  the  expansion  joints  in  concrete  work. 

Plaster 

Plaster  is  used  in  bridges  solely  for  the  walls  of  the  machinery  houses. 
Only  the  very  best  quality  that  the  market  affords  should  be  purchased, 
because  the  vibration  of  the  machinery  has  a  tendency  to  loosen  the 
plastering. 
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Timber 

Timber  was  formerly  used  in  bridge  construction  far  more  extensively 
than  it  is  today,  entire  bridges — both  substructure  and  superstructure — 
being  built  of  it  almost  exclusively,  but  nowadays  its  employment  is 
gradually  being  reduced.  This  is  because  of  three  good  reasons:  first,  its 
perishability;  second,  its  increasing  scarceness,  and,  third,  its  conse- 
quently augmented  price.  In  the  days  of  the  Howe  truss  bridge  it  was 
the  builder's  most  important  material,  for  the  trusses  of  that  type  were 
constructed  mainly  of  timber;  but  today  wooden  bridges  are  built  only 
in  the  most  remote  districts  and  in  communities  where  there  is  not  suf- 
ficient money  available  for  steel  or  concrete  structures.  It  is  still  em- 
ployed largely  for  trestles,  both  railway  and  highway,  and  will  continue 
to  be  so  used  until  the  price  of  timber  becomes  prohibitory,  the  day  for 
which  is  not  far  distant.  It  is  employed  largely  for  piling,  but  even  there 
it  is  being  gradually  replaced  by  reinforced  concrete. 

The  kinds  of  timber  most  used  in  bridge  building  are  the  long-leaf 
yellow  pine  of  the  Southern  States  and  the  Douglas  fir  of  the  Pacific 
Coast.  Both  are  excellent.  Oak  used  to  be  employed  a  good  deal  for  the 
track  ties  of  railroad  bridges  and  for  the  flooring  of  highway  structures; 
but  it  has  gotten  into  disfavor  among  bridge  builders  for  several  reasons, 
viz.,  its  tendency  to  warp  and  split,  its  liability  to  dry  rot,  the  exhaustion 
of  the  better  kinds,  and  the  augmented  price  of  the  inferior  species. 
The  good  oaks  are  the  white,  cow,  chincapin,  post,  burr  or  overcup,  and 
live  oaks.  The  bad  ones  are  the  red,  Spanish  or  water,  black,  black-jack, 
and  pin  or  yellow-butt  oaks. 

Short-leaf  yellow  pine  is  allowable  in  bridgework  only  where  it  is  to 
be  kept  permanently  under  water,  as  in  cribs  and  caissons  of  piers.  It  is 
too  short-lived  and  brashy  to  be  used  elsewhere,  unless  it  be  for  the  in- 
terior finishing  of  machinery  houses,  and  for  this  purpose  other  materials 
are  generally  preferable. 

Cypress  of  certain  kinds  is  valuable  for  piling  because  of  its  durability, 
straightness,  and  great  length;  but  for  most  places  it  is  a  rather  expen- 
sive timber  to  adopt.  Red,  black,  and  yellow  cypresses  are  good,  but 
white  cypress  is  not. 

Pacific  Coast  cedar  is  an  excellent  timber  for  piling.  It  could  be  used 
for  other  purposes,  and  might  be,  were  it  not  that  Douglas  fir  is  preferable 
and  just  as  available. 

Timber  has,  of  late  years,  become  so  scarce  and  expensive  that  it  gen- 
erally pays  to  treat  it,  the  best  preserving  process  for  bridge  timber  being 
that  of  creosoting.  Specifications  for  this  method  of  treatment  are  given 
in  Chapter  LXXIX. 

Timber  still  continues  to  be  used  largely  for  highway  bridge  floors,  but 
it  is  gradually  being  replaced  by  steel  or  reinforced  concrete  for  the  joists 
and  by  reinforced  concrete  for  the  planks.     It  will  long  continue  to  be 
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employed  for  the  docks  of  such  structures,  as  creosoted  yellow-pine  blocks 
make  th(^  best  kind  of  pavement  for  bridges.  Timber  is  still  the  principal 
material  for  building  the  cribs  and  caissons  of  piers,  but  steel  shells  filled 
with  concrete  have  been  employed  occasionally  for  more  than  a  quarter 
of  a  century;  and  today  reinforced  concrete  caissons  have  been  estab- 
lished as  more  than  a  possibility.  Timber  for  ties  in  railroad  bridges  will 
probably  hold  its  own  for  many  years,  owing  to  the  cushioning  effect  of 
that  material,  but  the  time  will  certainly  come  when  something  else 
must  be  used. 

Brush 

Brush  is  employed  in  bridgework  for  the  building  of  mattresses  to  pro- 
tect the  piers  and  the  river  banks  from  scour.  The  best  kind  of  wood 
for  brush  is  willow,  the  requirements  being  strength,  toughness,  and 
pliability.     Specifications  for  it  are  given  in  Chapter  LXXIX. 

Stone 

There  are  two  general  classes  of  stone  used  in  bridge  building,  viz., 
masonry  stone  and  broken  stone  for  concrete.  It  was  only  a  few  years 
ago  that  piers  and  arches  were  built  almost  exclusively  of  stone  masonry, 
but  today  nearly  all  of  them  are  being  constructed  of  concrete.  The  best 
kind  of  stone  for  masonry  is  granite,  but  at  the  same  time  it  is  nearly 
always  the  most  expensive,  owing  to  the  high  cost  of  dressing.  The 
better  kinds  of  limestone  are  the  next  best  stones  for  masonry,  and  are 
the  ones  generally  employed.  Sandstones  usually  are  the  poorest,  but 
there  are  certain  metamorphic  sandstones  that  are  as  strong  and  as  dur- 
able as  granite,  but  at  the  same  time  they  are  about  as  expensive  to  work, 
owing  to  the  absence  of  cleavage  planes.  Specifications  for  masonry  stone 
are  given  in  Chapter  LXXIX. 

The  main  requisites  for  concrete  stone  are  that  it  shall  be  hard,  clean, 
and  durable.  A  certain  amount  of  impurity  does  not  injure  it  materially; 
but,  in  general,  it  may  be  stated  that  the  cleaner  the  stone  the  better 
will  be  the  concrete,  notwithstanding  the  fact  that  certain  experiments 
have  shown  that  concrete  made  of  dirty  stone  is  stronger  than  that  made 
of  the  same  kind  of  stone  after  being  washed.  The  impurity  generally 
consists  of  clay.  If  this  is  mixed  uniformly  throughout  the  mass,  it  will 
do  but  little  harm,  and  may  even  apparently  do  some  good;  but,  unfor- 
tunately, it  generally  adheres  in  small  lumps  to  the  stone,  and  these 
certainly  reduce  the  resistance  to  shear  and  injure  the  tensile  strength. 
Stone  dust,  or,  as  it  is  sometimes  termed,  "quarry  dust,"  is  not  an  im- 
purity, for  it  acts  like  sand  in  the  concrete.  Smooth  stone  is  inferior  to 
rough  stone  for  making  concrete.  Stone  is  occasionally  used  for  the  pav- 
ing of  bridges;  but,  owing  to  its  great  weight,  it  generally  involves  too 
much  expense  for  steel  superstructures.  It  is  eminently  suitable  for  ma- 
sonry arches  or  reinforced  concrete  bridges,  where  a  large  dead  load  is 
not  objectionable. 
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Brick 

Brick  is  not  much  employed  for  bridge  construction  in  America;  never- 
theless well-built  piers  of  hard-burned  brick  laid  up  in  rich  Portland  cement 
mortar  are  truly  first-class  constructions.  They  can  be  adopted  advan- 
tageously in  places  where  stone  and  gravel  are  either  not  procurable  or 
very  expensive.  Moreover,  brick-bats,  when  broken  small  enough,  make 
pretty  fair  concrete,  provided  that  no  soft  bricks  be  allowed. 

Gravel 

Gravel  is  suitable  for  the  principal  ingredient  of  concrete,  although  it 
does  not  develop  as  great  strength  as  broken  stone.  This  may  be  due  to 
the  smoothness  of  its  surfaces  or  to  the  lack  of  locking  power,  which 
broken  stone  possesses  to  an  eminent  degree.  A  certain  proportion  of 
gravel  may  be  added  to  broken  stone  with  advantage,  in  that  the  addition 
will  decrease  the  percentage  of  voids  in  the  mass  and  thus  lessen  the 
quantity  of  cement  required.  Gravel  should  be  clean  and  free  from  all 
impurities  of  a  character  that  would  be  injurious  to  the  concrete,  such 
as  chips  of  wood  and  pieces  of  bark.  The  rougher  the  pieces  of  stone 
and  the  more  varying  their  sizes  the  better.  In  general,  it  is  preferable 
to  use  broken  stone  for  concrete,  when  it  is  procurable  at  reasonable 
expense,  and  gravel  in  other  cases;  but  when  a  bed  of  sand  and  gravel 
mixed  in  about  the  right  proportions  for  concrete  is  available,  the  temp- 
tation to  employ  the  mixture  is  hard  to  resist. 

Gravel  that  is  too  dirty  for  concrete  can  often  be  washed  at  reasonable 
expense  and  thus  rendered  suitable. 

Shells 

Oyster  shells  are  sometimes  used  instead  of  broken  stone  or  gravel 
for  making  concrete;  but  the  practice  is  reprehensible,  for  such  shells  are 
not  strong  enough.  The  strength  of  a  concrete  is  a  direct  function  of  the 
strength  of  its  main  ingredient,  hence  an  engineer  should  avoid  trouble 
by  refusing  to  employ  a  weak  material  therefor,  even  if  all  better  materials 
available  be  much  more  expensive.  Of  course,  shell  concrete  can  be  em- 
ployed as  a  last  resort;  but  it  should  be  loaded  lightly,  and,  in  many 
cases,  more  of  it  should  be  used  than  would  be  the  case  were  a  first-class 
material  adopted. 

Cinders 

Cinders  are  sometimes  used  in  the  concrete  floor-slabs  of  bridges,  but 
they  are  just  as  objectionable  as  shells,  if  not  more  so.  The  onlj^  excuse 
for  employing  cinder-concrete  is  to  reduce  the  dead  load;  and  this  reduc- 
tion is  obtained  only  by  leaving  voids  in  the  mass — which,  for  obvious 
reasons,  is  objectionable. 
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Sand 

Sand  is  a  very  important  constituent  of  concrete  or  mortar.  The  use 
of  a  jioor  sand  will  often  reduce  the  strength  of  th(^  product  as  much  as 
fifty  per  cent.  Sand  should  be  coarse,  sharp,  and  clean.  Very  fine  sand 
or  quicksanil  in  concrete  Is  liable  to  ruin  it.  Sand  can  often  be  improved 
mat(Tially  by  washing,  as  that  process,  when  properly  applied,  carries  off 
most  of  the  impurities.  Sand  with  smooth,  rounded  grains  does  not  make 
good  concrete  or  good  mortar.  The  best  sand  for  these  that  is  found  in 
nature  is  one  that  has  sharp  corners  and  rough  surfaces,  with  grains  of 
all  sizes  from  coarse  to  very  fine,  and  in  which  the  percentage  of  voids 
is  a  minimum. 

Cement 

The  importance  of  using  first-class  cement  for  both  concrete  and  ma- 
sonry cannot  be  too  forcibly  emphasized.  A  barrel  or  two  of  bad  cement 
might  be  the  means  of  causing  the  destruction  of  a  bridge  and  untold 
disaster  in  consequence.  There  are  in  the  market  today  plenty  of  really 
good  cements;  hence  there  is  no  excuse  for  ever  employing  a  poor  one. 
The  foreign  cements  used  in  America,  as  a  rule,  are  more  reliable  than 
American  cements.  There  are  two  reasons  for  this:  first,  the  manufac- 
turers thereof  have  had  more  experience,  and,  second,  the  long  sea  voyage 
allows  ample  time  for  thorough  hydration.  A  great  deal  of  American 
cement  is  shipped  hot  from  the  mill  to  the  consumer;  and  if  he  has  it 
properly  tested,  he  ^\all  often  find  that  it  will  not  stand  the  steaming  and 
boiling  tests,  and  that  the  pats  made  of  it  will  either  crack  or  fail  to  harden 
as  they  should.  The  author  has  had  much  trouble  and  unpleasantness 
with  both  substructure  contractors  and  the  manufacturers  of  cement  on 
this  account;  and  he  expects  to  have  more  in  the  future  because  of  the 
inexcusable  custom  of  putting  on  the  market  cement  that  has  not  weath- 
ered. How  seriously  such  cement  injures  the  concrete  is  hard  to  say; 
but  no  conservative  engineer  will  be  guilty  of  taking  any  chance  by  using 
an  inferior  article  when  one  of  known  excellence  is  procurable. 

In  the  old  days  of  bridge  building  much  natural  or  so-called  Rosendale 
or  Roman  cement  was  employed;  but  it  was  always  inferior  in  strength 
to  Portland  cement,  and  as  the  price  of  the  latter  has  been  reduced  to  a 
verj^  reasonable  figure,  there  is  no  further  need  of  ever  considering  the 
natural  cements  for  bridge  construction. 

The  specifications  for  cement  given  in  Chapter  LXXIX  are  quite 
reasonable  in  their  demands,  and  at  the  same  time  they  will  provide  a 
sufficiently  good  material  for  all  purposes.  Any  cement  that  develops 
its  strength  very  rapidly  should  be  regarded  with  suspicion,  because,  if 
tested  for  a  period  of  several  months,  it  will  almost  certainly  show  a  de- 
cided drop ;  and  this  loss  may  or  may  not  be  recovered  later.  Some  cem- 
ents set   too   rapidly  for   bridgework,  hence  pains  should  be  taken  to 
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determine  quite  often  the  times  required  for  setting.  New  brands  of 
cement  need  more  thorough  testing  than  old  brands  of  established  repu- 
tation. No  American  cement  should  ever  be  used  without  testing,  and 
European  cements  should  be  tested  also,  if  practicable;  but  if  one  is  in  a 
hurry,  he  would  run  no  great  risk  by  using  without  testing  for  more  than 
one  day  any  European  brand  of  cement  of  established  reputation,  provided 
each  barrel  be  carefully  examined  for  injury  by  water.  The  author  once 
employed  on  one  piece  of  work  some  sixty  thousand  barrels  of  a  well- 
known  brand  of  German  Portland  cement  without  having  to  reject  a 
single  barrel,  excepting  a  few  in  which  the  contents  were  caked  from 
exposure  to  rain. 

Lime 

No  man  who  deems  himself  a  bridge  engineer  will  ever  consider  for  a 
moment  the  use  of  Ume  in  any  of  his  structures.  It  is  a  material  that  is 
entirely  unsuitable  for  his  purpose.  The  only  reason  that  could  possibly 
be  advanced  for  its  employment  is  economy — and  such  economy  would 
certainly  be  false.  When  mixed  with  cement,  lime  lowers  the  strength 
of  mortar  very  rapidly,  and  when  employed  alone  it  is  totally  unfit  for 
use  in  any  kind  of  engineering  construction. 


CHAPTER  IV 


ALLOY   STEELS   IN   BRIDGEWORK 


The  use  of  alloy  steels  for  bridgework  is  such  an  important  matter 
that  it  seems  advisable  to  devote  to  it  an  entire  chapter,  thus  segregating 
them  from  the  ordinary  materials  of  bridge  construction,  which  were 
treated  in  the  preceding  chapter. 

Alloy  steels  are  almost  always  more  expensive  than  ordinary  steel, 
but  they  are  generally  stronger;  hence,  in  order  to  effect  any  certain 
purpose,  it  usually  does  not  require  as  much  weight  of  metal  as  if  the 
said  ordinary  steel  were  employed.  The  proper  adjustment  of  the  lesser 
weight  to  the  greater  pound  price  will  determine  the  economy  or  lack 
of  economy  in  employing  the  alloy,  excepting  only  in  those  minor  cases 
in  which  some  other  characteristic  than  mere  strength,  such  as  hardness, 
resistance  to  abrasion,  or  smallness  of  volume,  necessitates  its  adoption. 

Late  in  1914,  in  compliance  with  an  invitation  from  the  International 
Engineering  Congress  of  the  San  Francisco  Exposition,  the  author  pre- 
pared a  paper  entitled  ''Alloy  Steels  in  Bridgework";  and  as  that  paper 
aims  to  cover  concisely  in  a  general  manner  the  whole  ground  of  the 
subject,  it  is  herewith  reproduced  as  follows  almost  in  its  entirety,  omit- 
ting only  the  opening  paragraphs.  For  the  convenience  of  the  reader, 
the  system  of  numbering  the  figures  and  the  tables  has  been  changed 
to  agree  with  that  in  the  other  chapters: 

"It  was  but  a  dozen  years  ago  that  the  alloy,  nickel  steel,  began  to  be 
talked  of  seriously  for  bridge  building.  Before  the  days  of  medium  steel, 
however,  a  few  large  bridges  were  constructed  of  special  steels,  notably 
in  America,  the  Eads  Bridge  of  St.  Louis,  Mo.,  and  the  Chicago  and  Alton 
Railway  bridge  at  Glasgow,  Mo.  The  latter  was  of  Hay  steel;  and 
although  the  author  worked  for  a  short  time  in  a  subordinate  capacity 
on  the  structure,  he  has  forgotten  the  composition  and  the  characteristics 
of  the  metal,  except,  perhaps,  that  it  was  rather  high  in  carbon.  Be  this 
as  it  may,  the  matter  is  of  no  special  importance;  because  that  make  of 
steel,  as  far  as  the  author  knows,  was  never  again  used  in  any  important 
bridge. 

"The  term  'manganese  steel'  for  bridgework  is  somewhat  in  the  na- 
ture of  a  misnomer,  for  all  bridge  steel  has  to  contain  a  certain  amount 
of  manganese  (generally  from  0.5  to  0.8  per  cent)  in  order  to  make  it 
workable  in  the  mills  and  otherwise  satisfactory;  but  when  a  bridge 
engineer  uses  the  term,  he  means  a  steel  very  high  in  manganese,  and, 
consequently,  exceptionally  hard.     Such  a  steel  or  alloy  is  employed  for 
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rail-locks  and  for  those  parts  of  the  operating  machinery  of  movable  spans 
where  great  resistance  to  both  abrasion  and  shock  is  the  principal 
desideratum. 

"Chrome  steel,  an  alloy  of  chromium  with  steel,  the  author  has  heard 
of  as  being  used  for  this  purpose,  but  not  at  all  generally  on  accomit  of 
its  high  price. 

"Chrome-nickel  steel  has  also  been  employed  somewhat  for  special 
castings  in  bridge  machinery,  but  its  principal  use  is  for  the  manufacture 
of  aeroplanes,  automobiles,  transmission  lines,  and  gearing. 

"In  most  cases  it  is  necessary  to  submit  these  various  alloys  to  heat 
treatment  in  order  to  increase  materially  their  hardness,  elastic  limit, 
and  ultimate  strength.  The  price  for  castings  or  forgings  of  such  alloys 
generally  varies  from  8  to  13  cents  per  pound,  according  to  the  amount 
of  shop-tooling  required.  Such  prices,  of  course,  are  prohibitorj^  for 
bridgework,  excepting  only  for  small  but  important  parts  of  operating 
machinery  and  for  details  requiring  great  resistance  to  abrasion. 

"Some  manufacturers  claim  to  be  able  to  produce  alloy  steels  having 
elastic  limits  as  high  as  250,000  lbs.  per  square  inch;  but  it  is  imprac- 
ticable to  shop-tool  them  when  the  elastic  limit  exceeds  150,000  lbs.,  or 
when  the  ultimate  strength  is  greater  than  200,000  lbs.  Such  metal  might 
possibly  be  required  for  bridge  pins  and  their  bearings  in  order  to  meet 
certain  extreme  conditions;  but  the  probability  of  such  requirement  is 
exceedingly  remote.  Moreover,  bridge  engineers,  as  a  rule,  are  loath  to 
concentrate  great  stresses  on  members  of  very  small  cross-section  because 
of  the  proportionately  great  effect  thereon  of  any  undiscovered  small 
cracks  or  flaws  which  may  exist  in  the  metal. 

"While  nickel  steel  was  talked  of  for  bridgework  in  both  Europe  and 
America  prior  to  1902,  it  was  not  employed  therefor.  In  that  year  and 
in  1903  the  well-known  consulting  engineer  and  bridge  specialist,  Mr. 
Gustav  Lindenthal,  started  some  experiments  upon  the  use  of  nickel 
steel  for  the  eye-bars  of  the  Blackwell's  Island  Bridge  at  New  York  City, 
reporting  favorably  thereon.  Later,  after  trying  hard  to  avoid  its  em- 
ployment, the  city  authorities  decided  to  adopt  the  alloy  for  the  said 
eye-bars;  and  the  bridge  was  constructed  accordingly.  This  was  the 
first  actual  use  of  nickel  steel  in  bridgework. 

"In  1903,  before  the  city  authorities  just  mentioned  came  to  their 
decision,  the  author  inaugurated  an  exhaustive  series  of  experiments  and 
investigations  upon  the  subject  of  the  suitabilit}^  of  nickel  steel  for  bridge 
building  in  general  and  its  economics  therein.  In  spite  of  many  trials 
and  tribulations,  and  in  the  face  of  strong  opposition  and  great  discour- 
agement, he  succeeded,  after  more  than  three  years,  in  completing  most 
of  the  work  which,  at  the  beginning  of  his  undertaking,  he  had  laid  out  to 
do;  and  it  required  some  three  months  more  to  digest  the  results  and  to 
prepare  a  report  for  his  principals,  who  were  the  International  Nickel 
Company.     Tluit  corporation  financed  the  entire  undertaking,  spending 
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altogether  upon  it  nearly  $50,000.00.  As  soon  as  the  report  was  com- 
pleted, the  author  devoted  several  months  to  the  preparation  of  a  mono- 
graph upon  the  subject,  and  presented  it  to  the  American  Society  of  Civil 
I'higineers.  After  taking  considerable  time  for  deliberation,  the  Publi- 
cation Committee  of  that  Society  rejected  the  paper  without  giving  any 
reason  therefor.  Fellow  members  of  the  Society  especially  interested 
in  bridgework  urged  a  reconsideration  of  the  matter — which  caused  the 
Committee  to  reverse  its  original  decision,  provided  that  the  author  would 
agree  to  cut  do^^^l  materially  the  volume  of  the  original  memoir.  The 
reduction  was  accomplished  by  omitting  some  of  the  records  of  tests  and 
all  the  diagrams  and  text  relating  to  the  economic  study  of  bridges  built 
wholl}^  of  nickel  steel,  retaining  only  those  concerning  structures  built  of 
mixed  nickel  steel  and  carbon  steel.  The  original  (rejected)  memoir  con- 
taining all  records  and  diagrams  is  on  file  in  the  Society's  library,  where 
it  can  be  consulted  by  any  one  interested  in  this  subject.  The  paper  in 
due  time  appeared  in  the  Society's  'Proceedings'  and  was  discussed  by 
thirty  or  more  engineers,  both  American  and  European;  and  finally  it 
Avas  pubhshed  with  the  discussions  in  the  1909  'Transactions'  of  the 
American  Society  of  Civil  Engineers.  Later  the  author  of  the  memoir 
was  awarded  the  Norman  medal,  because  of  its  being  the  best  paper 
presented  in  that  year. 

"The  entire  investigation  proved  (at  least  to  the  author's  satisfaction 
as  well  as  to  that  of  a  large  majority  of  the  engineers  who  entered  into 
the  discussion)  that  nickel  steel  is  in  every  way  a  suitable  metal  for  the 
manufacture  of  bridge  superstructures,  being  just  as  reliable  as  carbon 
steel  and  from  50  to  70  per  cent  stronger.  The  correctness  of  this  state- 
ment is  proved  by  the  fact  that  the  alloy  was  used  later  not  only  in  the 
Blackwell's  Island  Bridge  before  referred  to,  but  also  in  the  Manhattan 
Suspension  Bridge  at  New  York  and  in  the  Free  Bridge  at  St.  Louis. 
The  last-mentioned  structure  was  designed  and  engineered  by  Henry 
W.  Hodge,  Esq.,  one  of  America's  most  noted  bridge  specialists.  Again, 
the  new  Quebec  Bridge,  which  will  contain  the  longest  span  in  the  world, 
viz.,  1,800  feet,  is  being  partially  constructed  of  nickel  steel. 

"The  author  found  by  his  experiments  and  investigations  that  it  is 
perfectly  feasible  to  produce  commercially  an  eminently  satisfactory 
nickel  steel  for  bridgework,  having  a  minimum  elastic  limit  of  60,000  lbs. 
per  square  inch,  a  minimum  ultimate  tensile  strength  exceeding  100,000 
lbs.  per  square  inch,  and  an  elongation  in  eight  inches  of  fifteen  (15) 
per  cent.  The  actual  extra  cost  per  pound  for  this  metal,  delivered  at 
bridge  site,  as  compared  with  ordinary  carbon  bridge  steel,  he  figured 
should  not  be  more  than  1.5  cents.  Unfortunately,  however,  the  steel 
makers  and  bridge  manufacturers,  being  opposed,  naturally,  for  pecuniary 
reasons,  to  fundamental  innovations  in  their  business,  have  not  responded 
to  the  call  of  the  bridge  engineers  for  a  nickel  steel  of  great  strength  at  a 
moderate  price,  preferring  to  continue  without  interruption  the  produc- 
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tion  and  manufacture  into  bridges  of  tlie  cheaper  carbon  steel  to  which 
they  are  accustomed.  For  years  they  have  made  a  practice  of  refusing 
to  guarantee  for  nickel  steel  an  elastic  limit  of  more  than  50,000  lbs. 
per  square  inch;  and  they  have  asked  therefor  an  excess  pound  price  of 
from  1.5  to  2,0  cents.  Mr.  Hodge  paid  1.65  cents  per  pound  extra  for 
his  nickel  steel  in  the  St.  Louis  Bridge;  and  the  price  named  for  the  alloy 
in  the  new  Quebec  Bridge  was  so  high  that  it  was  found  economical  to 
use  it  only  for  the  truss  members  of  the  suspended  span  and  the  canti- 
lever arms.  It  is  true  that  by  adopting  carbon  steel  instead  of  nickel 
steel  for  the  anchor  arms  of  a  cantilever  bridge,  the  weight  of  those  arms 
is  increased,  and,  in  consequence,  the  stresses  on  the  anchorage  metal 
and  the  uplifts  on  the  anchor  piers  are  reduced,  but  these  results  could 
probably  be  obtained  more  economically  in  some  other  manner — for 
instance,  by  adopting  a  ballasted  floor  for  the  tracks  on  the  anchor 
arms  only. 

"In  the  case  of  his  proposed  bridge  across  the  entrance  channel  to 
the  harbor  of  Havana,  Cuba,*  the  author,  by  great  effort,  succeeded  in 
persuading  the  Carnegie  Steel  Company  and  the  American  Bridge  Com- 
pany to  agree  to  furnish  him  with  nickel  steel  having  an  elastic  limit  of 
55,000  lbs.;  but  the  extra  pound  price  demanded  for  the  manufactured 
metal  was  2.5  cents.  With  these  figures  it  was  an  exact  stand-off 
between  nickel  steel  and  carbon  steel  for  both  the  suspended  span  and 
the  main  structure  as  a  whole;  but  as  the  said  suspended  span  will 
have  to  be  built  on  barges,  floated  to  site,  and  raised  by  wire  ropes  to 
final  position,  the  author  concluded  to  adopt  the  alloy  for  that  portion 
of  the  superstructure.  He  found  also  that  it  would  involve  a  trifling 
economy  to  use  it  in  the  cantilever  arms,  but  not  in  the  anchor  arms; 
hence  he  has  decided  to  follow  the  same  course  as  the  designers  of  the 
new  Quebec  Bridge  did  in  relation  to  their  great  structure. 

"The  compositions  of  the  various  classes  of  nickel  steel  for  bridge- 
work  recommended  by  the  author,  in  view  of  the  results  of  his  experi- 
ments, were  as  given  in  the  following  table: 

TABLE  4a 
Compositions  of  the  Vauious  Classes  of  Nickel  Steel  for  Bridges 


Percentages 

Rivet  Steel 

Plate-and-Shape  Steel 

Eye-bar  Steel 

Nickel 

Carbon 

3.50  (3.25  to  3.75) 
0.15  (0.12  to  0.18) 

0.03  Max. 

0.04  Max. 

0.04  Max. 
0.60  (0.55  to  0.65) 

3.50(3.25  to  3.75) 
0.38  (0.34  to  0.42) 

0.03  Max. 

0.04  Max. 

0.04  Max. 
0.70  (0.65  to  0.75) 

4.25  (4.0  to  4.5) 
0.45  (0.4  to  0.5) 

Phosphorus 

Sulphur 

Silicon 

0.03  Max. 
0.04  Max. 
0.04  Max. 

Manganese 

0.80  (0.75  to  0.85) 

See  Fig.  52a  for  photograph  of  proposed  structure. 
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"The  rivet  steel  specified  is  as  high  in  carbon  as  it  is  practicable  to  go, 
in  view  of  the  fact  that  rivets  must  not  be  too  hard  to  cut  out  when  badly 
driven. 

"  The  carbon  percentage  in  the  plate-and-shape  steel  is  as  high  as  will 
permit  of  the  metal  being  worked  satisfactorily  in  the  shops. 

"The  percentage  of  nickel  in  both  the  rivet  steel  and  the  plate-and- 
shape  steel  is  as  high  as  considerations  of  both  economy  and  workability 
allow. 

"As  the  phosphorus,  sulphur,  and  silicon  are  in  the  nature  of  impuri- 
ties, their  percentages  are  kept  as  low  as  is  consistent  with  economy  in 
smelting;  because  it  is  expensive  to  reduce  the  said  impurities  below 
the  figures  s1io"\\ti — in  fact,  even  these  have  raised  objections  among  some 
steel  makers. 

"In  ej^e-bar  steel  it  is  permissible  to  make  the  metal  harder  than  in 
plate-and-shape  steel,  because  the  shop  tooling  on  eye-bars  is  small  in 
amount  and  of  simple  character;  hence  the  percentages  of  both  nickel 
and  carbon,  adopted  above  therefor,  are  quite  high.  The  extreme  limit 
specified  for  the  nickel,  viz.,  4.5  per  cent,  causes  the  alloy  to  approach 
the  brittle  zone,  which  begins  at  some  yet  undetermined  figure  between 
4.25  and  5  per  cent  and  ends  at  20  per  cent.  This  brittle  zone  was 
discovered  by  three  English  metallurgists,  Messrs.  Carpenter,  Hadfield, 
and  Longmuir,  and  was  described  by  them  in  November,  1905,  in  a  paper 
read  before  the  Institute  of  Mechanical  Engineers  of  England.  It  is 
claimed,  however,  by  some  American  experimenters  that  the  use  of  more 
than  five  (5)  per  cent  of  nickel  does  not  of  necessity  make  the  steel 
brittle;  hence  it  is  likely  that  the  percentage  of  carbon  has  some  influ- 
ence on  the  brittle  zone  of  alloy  steels  containing  more  than  the  said 
five  (5)  per  cent  of  nickel.  Be  this  as  it  may,  though,  an  engineer  should 
test  carefully  for  brittleness  his  eye-bar  steel,  if  he  employs  in  its  manu- 
facture nickel  in  any  greater  percentage  than  4.25. 

"As  showTi  in  the  preceding  table,  the  amount  of  manganese  in  nickel 
steel  is  graded  to  meet  the  requirements  of  both  strength  and  hardness. 
It  varies  from  0.6  to  0.8  per  cent. 

"In  the  memoir,  'Nickel  Steel  for  Bridges,'  are  given  twelve  diagrams 
of  weights  of  metal  per  lineal  foot  of  span,  covering  all  lengths  from  20 
feet  for  plate  girders  up  to  1,800  feet  for  cantilever  main  openings.  In 
Figs.  4a  and  46  of  this  memoir  are  reproduced  two  of  the  most  interest- 
ing and  useful  of  those  diagrams  covering  double-track,  through,  pin- 
connected,  Petit  truss  spans  and  double-track,  through,  pin-connected, 
cantilever  bridges  of  Type  A  (see  Fig.  55aaa).  The  weights  given  are 
for  structures  built  both  whollj^  and  partially  of  nickel  steel,  and  for  those 
composed  entirely  of  carbon  steel. 

"  Follo\ving  the  twelve  weight  records  in  that  memoir  come  some  fifty 
economic  diagrams,  which  show  for  all  span  lengths  up  to  the  before- 
mentioned   limit  for  both  riveted  and  pin-comiected  structures,  for  all 
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Fig.  4a.     Weights  of  Double  Track,  Through,   Pin-conneoted,   Petit-truss  Spans  of 
Carbon  Steel  and  Nickel  Steel. 
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possible  conditions  of  the  metal  market,  antl  for  all  probable  variations 
in  pound  prices  between  the  manufacturcxl  nickel  and  carbon  steels,  the 
comparative  costs  of  bridge  superstructures  built  of  carbon  steel  and  of 
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Fig.  46.     Weights  of  Double-track,  Through,  Pin-connected,  Cantilever  Bridges  of 

Carbon  Stool  and  Niokol  Stool. 

mixed  nickel  steel  and  carbon  steel.  With  these  fifty  diagrams  at  hand 
and  all  the  necessary  conditions  given,  it  is  only  a  minute's  work  to  deter- 
mine for  any  case  whether  it  would  be  more  economic  or  not  to  adopt 
nickel  steel — also  what  the  saving,  if  any,  in  expense  would  be. 
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"Figs.  4c,  4:d,  4:6,  and  4/,  chosen  at  random,  are  specimens  of  the  said 
fifty  economic  diagrams,  the  first  pair  being  for  double-track,  through 
riveted,  Pratt  truss  spans,  with  the  price  of  carbon  steel  erected  at  4 
and  4.5  cents  per  pound,  respectively;  and  the  second  pair  for  double- 
track,  through,  pin-connected,  cantilever  bridges  of  the  most  usual  type, 
with  the  price  of  carbon  steel  erected  at  4.5  and  5  cents  per  pound, 
respectively.  These  prices  for  carbon  steel  erected  are  about  the  average 
ones  that  govern  today  in  various  portions  of  the  United  States. 

"  Fig.  4g  is  an  important  and  interesting  diagram.  It  shows  the  prob- 
able weights  of  metal  per  lineal  foot  of  superstructure  for  very-long-span, 
double-track-railway,  cantilever  bridges  built  of  carbon  steel  and  of  nickel 
steel  (or  of  mixed  nickel  and  carbon  steels).  It  indicates  also  the  extreme 
practicable  limit  of  length  of  main  opening  for  such  bridges  for  each  kind 
of  steel.  This  limit  is  a  matter  of  judgment,  being  determined  by  the 
greatest  weight  of  metal  per  lineal  foot  of  span  which  it  would  be  advis- 
able to  use  for  the  structure  under  consideration.  From  the  diagram  it 
will  be  seen  that  if  1,800  feet  be  assumed  as  the  present  practicable  limit 
of  span-length  for  carbon  steel  bridges,  the  corresponding  limit  for  nickel 
steel  bridges  wll  be  about  2,300  feet;  or,  if  it  be  assumed  at  2,000  feet, 
the  corresponding  hmit  for  nickel-steel  construction  will  be  2,600  feet.  It 
is  safe,  therefore,  to  conclude  that  the  adoption  of  nickel  steel  for  bridges 
would  lengthen  the  practicable  span  length  for  cantilevers  fully  500  feet. 
"In  concluding  his  paper  on  'Nickel  Steel  for  Bridges'  the  author 
wrote  as  follows: 

"'Summarizing  the  results  of  this  entire  investigation,  it  is  evident 
that  nickel  steel  is  in  every  way  fitted  for  bridge  construction,  in  that  it 
is  strong,  tough,  workable,  and  reliable;  moreover,  its  adoption  would 
effect  a  decided  economy.  This  economy  would  increase  in  the  future 
as  the  cost  of  nickel  decreases  and  as  the  shops  become  more  accustomed 
to  the  fabrication  of  the  new  alloy.' 

"The  preceding  was  written  in  1907,  and  the  predications  made  have 
been  only  partially  realized;  for  while,  as  before  indicated,  several  large 
bridges  have  been  built  of  nickel  steel,  the  manufacturers  have  not  been 
willing  to  quote  reasonable  prices  for  the  alloy.  If  there  were  any  one 
available  upon  whom  to  unload  rejections,  as  there  is  in  the  case  of  carbon 
bridge  steel,  the  steel  makers  would  quite  willingly  quote  more  reasonable 
figures  for  nickel  steel;  but  the  constant  dread  of  being  left  with  a  large  lot 
of  unsalable  alloy  steel  on  their  hands  militates  against  their  so  doing. 
It  is  only  by  having  engineers  create  a  large  demand  for  the  alloy,  thus 
initiating  competition  in  its  production,  that  a  reasonable  pound  price 
for  it  can  be  established.  In  confirmation  of  this  statement  is  the  fact 
that  when  Mr.  Hodge  called  for  bids  on  nickel  steel  for  his  great  St.  Louis 
Free  Bridge,  he  received  and  accepted  a  tender  of  an  excess  pound  price 
of  1.05  cents,  which  is  not  far  from  the  1.5-cent  limit  set  by  the  author 
in  his  memoir. 
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Figs.  4c  and  4d.     Comparative  Costs  of  Double-track,  Through,  Riveted,  Pratt-truss 
Spans  of  Carbon  Steel  and  Mixed  Nickel  and  Carbon  Steels, 
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"It  is  claimed  by  several  recognized  authorities  that  it  is  practicable 
to  produce  good  and  perfectly  satisfactory  nickel  steel  by  putting  ferro- 
nickel  into  the  charge  instead  of  the  metallic  nickel,  thus  avoiding  all 
the  expense  of  refining.  This  would  reduce  by  two-thirds  the  cost  of  the 
nickel  content  in  the  alloy;  and  as  that  content  is  the  main  cause  of  the 
high  price  of  nickel  steel,  it  is  evident  that  the  employment  of  ferro-nickel 
in  the  smelting  would  make  the  cost  of  the  product  so  reasonable  that  in 
a  few  years  it  would  supplant  carbon  steel  entirely,  even  for  bridges  of 
the  shortest  spans.  Nickel  producers  used  to  claim  that  it  is  absolutely 
necessary  to  employ  pure  nickel  in  the  smelting,  for  the  reason  that  ferro- 
nickel  usually  contains  quite  a  percentage  of  copper— a  substance  totally 
destructive  to  steel;  but,  on  the  other  hand,  those  who  are  in  shape  to 
put  ferro-nickel  on  the  market  (and  some  others  also)  maintain  that  the 
copper  and  all  the  other  injurious  substances  contained  in  the  ferro-nickel 
can  readily  and  cheaply  be  worked  out  during  the  processes  of  smelting 
and  rolling.  Moreover,  cor>Der  is  no  longer  the  bugbear  to  steel  makers 
that  it  was  a  few  years  ago;  for  it  is  now  practicable  to  manufacture 
good,  workable  steel  containing  three  (3)  per  cent  of  that  element.  De- 
cidedly, it  is  of  the  utmost  importance  to  both  the  engineering  profession 
and  the  business  world  to  determine  without  delay  and  beyond  the  per- 
adventure  of  a  doubt  whether  it  is  feasible  to  use,  on  a  commercial  scale, 
ferro-nickel  in  the  manufacture  of  nickel  steel. 

"There  is  a  fact  concerning  nickel  steel  known  to  the  profession,  but 
which,  as  far  as  the  author  can  learn,  had  not  until  a  very  short  time 
ago  been  stated  in  print,  viz.,  that  the  Pennsylvania  Steel  Company 
has  obtained  control  of  an  iron  deposit  containing  a  small  percentage 
of  nickel,  and  is,  consequently,  able  to  place  upon  the  market  a  low- 
grade  nickel  steel  at  a  reasonable  excess  cost  above  that  of  carbon 
steel.  This  steel  has  been  denominated  by  its  makers  'Mayari  Steel.' 
It  is  a  natural  alloy  of  nickel-chromium  steel,  containing  from  1%  to 
1.5%  of  nickel  and  from  0.2%  to  0.75%  of  chromium,  with  sulphur 
below  .04%,  phosphorus  below  .03%,  and  manganese  as  desired.  The 
carbon  range  is  from  .03%  to  1.5%,  depending  upon  the  application  of 
the  steel. 

"The  ore  comes  from  a  deposit  of  some  25,000  acres  at  Mayarl  in 
the  Province  of  Oriente  on  the  Island  of  Cuba.  It  is  estimated  that  there 
are  500,000,000  tons  of  this  ore  in  sight. 

"Mayari  steel  is  made  only  by  the  Peimsylvania  Steel  Company  and 
the  Maryland  Steel  Company.  By  a  slight  modification  of  the  open- 
hearth  process  it  is  produced  without  the  necessity  of  adding  alloying 
elements  in  the  furnace  or  ladle.  Like  other  nickel  steels  it  offers  greater 
resistance  to  corrosion  than  do  the  ordinary  carbon  steels. 

"  Desiring  to  obtain  for  the  preparation  of  this  memoir  some  authentic 
information  concerning  the  new  alloy,  the  author  Avrote  to  the  Pennsyl- 
vania Steel  Company  asking  certain  questions  about  it,  and  received  in 
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rcph^  a  letter  from  J.  V.  W.  Roynders,  Esq.,  C.  E.,  the  Vice-President  of 
the  Comi)aiiy,  from  which  the  following  is  an  extract: 

"'Our  principal  oxi)ononcc  on  INIuyari  steel  in  bridgeworlc  lias  been  in  connec^tion 
with  the  manufacture  and  fabrication  of  the  large  bridge  whicih  is  to  span  the  Mississippi 
River  at  Memphis.  So  much  steel  has  now  been  made  for  this  contract  that  we  have 
accurate  information  on  the  properties  which  we  can  develop. 

"  'On  tliis  bridge  alternate  quotations  on  carbon  and  alloy  steel  designs  were  sub- 
mitted, the  specifications  for  the  alloy  steel,  outside  of  rivet  and  eye-bar  steel,  being  as 
follows : 

Tensile  strength 85,000—    100,000  lbs.  per  sq.  in. 

Elastic  hmit,  not  less  than 50,000  lbs.  per  sq.  in. 

1,600,000 


Elongation  in  8  inches  not  less  than 
Reduction  of  area,  not  less  than .  .  . 


T.S. 
30.0% 


"  'The  manganese  in  the  steel  was  Umited  to  .80%,  siHcon  to  .15%,  carbon  to  .40%, 
and  a  minimum  of  1.20%  nickel  was  required,  but  the  individual  bidder  was  allowed 
to  select  his  own  analysis  except  as  it  might  be  Umited  by  these  general  figures.  No 
limits  were  given  for  chi'omium  or  vanadium. 

"  'We  quoted  on  the  basis  of  using  a  steel  made  from  the  Mayari  ore  which  we  import 
from  om"  mines  on  the  north  coast  of  Cuba,  and  on  this  basis  the  contract  was  awarded  us. 

"\s  you  doubtless  know,  this  Mayari  ore  lies  just  under  a  thin  top  soil  in  a  com- 
paratively thin  bed  of  gi-eat  area.  The  ore  contains  naturally  a  large  amount  of  mois- 
ture, a  part  of  which  is  in  the  combined  form.  It  has  been  our  practice  before  shipping 
this  ore  to  the  United  States  to  run  it  through  rotary  nodulizing  kilns,  which 
agglomerate  the  fine  ore  and  drive  out  the  moisture.  The  nodulized  product  carries 
about  57%  of  iron. 

"  'By  a  selection  of  the  ore,  steel  can  be  produced  with  a  uniform  nickel  content,  which 
may  be  varied  at  will  between  quite  wide  limits.  It  has  been  found,  however,  that  a 
content  of  approximately  1.40%  is  sufficiently  high  for  bridge  steel  for  most  purposes. 
The  steel  is  normally  produced  with  only  the  usual  additions  in  the  open-hearth  furnace, 
although  occasionally  a  small  amount  of  chromium  is  added. 

"  'The  following  are  typical  tests  of  large-size  angles,  varying  from  8"  X  6"  XI"  up  to 
8"  X  8"  X  13^": 

TABLE  46 

Tests  of  Large  Size  Angles  of  Mayari  Steel 


T.S. 

E.  L. 

Elong. 
in  8  Inches 

Reduc. 
of  Area 

C. 

Mn. 

Ni. 

Cr. 

lbs. 

lbs. 

% 

% 

% 

% 

% 

% 

95,580 

64,700 

16.8 

45.5 

.36 

.62 

1.27 

.36 

91,400 

60,130 

19.5 

44.4 

.32 

.68 

1.45 

.44 

95,440 

62,300 

18.0 

46.7 

.34 

.75 

1.51 

.38 

94,400 

54,300 

17.0 

50.4 

.35 

.71 

1.48 

.43 

93,240 

55,300 

21.5 

51.3 

.34 

.75 

1.37 

.43 

96,740 

60,540 

16.3 

43.3 

.32 

.75 

1.49 

.40 

98,420 

61,060 

17.0 

48.9 

.37 

.78 

1.31 

.42 

91,700 

56,960 

19.0 

56.3 

.31 

.68 

1.45 

.44 

94,180 

58,130 

20.5 

51.5 

.30 

.77 

1.48 

.47 

"  'The  following  tests  are  on  plates,  both  universal  and  sheared.     In  many  cases 
you  will  note  tnat  the  thickness  is  extreme. 
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TABLE  4c 
Tewts  of  Plates  of  Mayari  Steel 


Chapter  IV 


Thickness 

T.  S. 

E.L. 

Elong. 
in  8  Inches 

Reduc. 
of  Area 

C. 

Mn. 

Ni. 

Cr. 

ins. 

lbs. 

lbs. 

% 

% 

% 

% 

% 

% 

VA 

99,600 

64,660 

17.5 

41.9 

.29 

.77 

1.36 

.31 

IH 

94,300 

62,270 

18.0 

33.6 

.28 

.75 

1.41 

.37 

VA 

98,820 

63,080 

17.0 

34.7 

.28 

.72 

1.49 

.49 

Vs 

90,040 

55,270 

21.0 

45.5 

.28 

.67 

1.57 

.31 

IVs 

91,550 

62,210 

18.5 

46.8 

.30 

.66 

1.41 

.40 

H 

94,060 

56,030 

18.5 

47.1 

.27 

.61 

1.42 

.33 

IVs 

90,300 

57,540 

19.0 

53.6 

.29 

.71 

1.53 

.39 

'"The  phosphorus  in  all  the.se  heats  will  average  less  than  .02%  and  the  sulphur 
averages  about  .03%,  the  specified  limit  for  each  being  .04%  with  an  allowance  of 
25%  thereof  for  check  analysis  of  the  finished  material. 

"  'In  the  specifications  changes  in  the  elongation  and  reduction  of  area  are  allowed 
for  steel  running  over  1  inch  thick. 

"'Below  are  given  the  specifications  for  full  size  eye-bars  and  the  results  of  a  test 
on  a  sample  14"  X  1-23/32"  bar: 

Required  Obtained 

Tensile  strength 80,000  lbs.  mia.  88,200  lbs. 

Elastic  hmit 47,000  lbs.  min.  51,700  lbs. 

Elong.  in  20' 10%  12.7% 

Reduc.  of  area . .  42.0% 

'  It  has  been  our  experience  that  this  alloy  steel  works  quite  as  well  in  the  shops 
as  any  other  steel  with  which  we  are  famihar,  making  due  allowance,  of  course,  for  the 
increased  toughness.     We  find  that  it  is  easier  to  work  than  3)^%  nickel  steel. 

'"It  is  difficult  to  give  an  exact  extra  which  we  would  charge  for  rolled  sections 
or  plates  of  Mayari  steel  over  the  market  price  of  similar  sections  of  carbon  steel. 
We  do  not  expect  however  that  it  will  be  necessary  at  any  time  to  charge  an 
extra  of  more  than  one  cent  per  pound.  The  excess  price  for  manufactured  bridges 
depends  on  so  many  circumstances  that  it  is  almost  impossible  to  give  any  figure. 
It  wUl  vary  greatly,  of  course,  as  the  relative  proportions  of  carbon  and  Mayari  steels 
in  the  finished  bridge  are  varied. 

"  'With  regard  to  quantity,  we  expect  shortly  to  be  in  a  position  to  produce  from 
18,000  to  20,000  tons  per  month  of  Mayari  steel  shapes,  if  necessary;  but,  even  for  the 
present,  it  is  safe  to  say  that  we  can  meet  any  reasonable  demand.' 

"Judging  from  Mr.  Reynders'  approximate  quotation  for  the  rolled 
metal  and  from  previous  experience  with  nickel  steel,  the  author  con- 
cludes that  the  finished  metal  work  is  likely  to  cost  as  much  as  one  and 
a  half  cents  per  pound  in  excess  of  the  market  price  of  the  corresponding 
carbon  steel  work.  This  is  just  what  he  first  estimated  would  be  the  lim- 
iting excess  pound  price  of  nickel  steel  having  an  elastic  limit  of  60,000 
lbs.,  when  the  excess  price  of  the  rolled  material  was  one  cent  per  pound. 

"The  large-scale  curves  from  which  were  prepared  the  cost  diagrams 
of  the  paper  on  'The  Possibilities  in  Bridge  Construction  by  the  Use  of 
High  Alloy  Steels,'  hereinafter  referred  to  at  length,  afford  a  means  of 
determining  the  economics  of  Mayarf  steel  for  bridges  as  compared  with 
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nickel  stools  of  55,000  lbs.  aiul  00,000  lbs.  elastic  limit.     From  them  are 
found  the  following: 

"500'  Simple  Truss  Spans 

"Mayari  stool  bridges  at  iJH  P<'i'  lb.  (^xcoss  over  carbon  steel  are 
equal  in  cost  to  nickel  steel  bridges  for  E  =  55,000  lbs.  at  an  excess  of 
1.9ji  per  lb  ,  and  to  nickel  steel  bridges  for  E  =  60,000  lbs.  at  an  excess 
of  2.25}i  per  lb.  With  Mayari  steel  at  l.Ojf  per  11).  excess  over  carbon 
steel,  the  corresponding  figures  are,  respectively,  1.35^*  and  1.7ff.  For 
equal  costs  of  bridges,  as  compared  with  carbon  steel,  Mayari  steel  could 
stand  an  excess  pound  price  of  2.1j5  for  the  manufactured  superstructure. 

"  1000'  Simple  Truss  Spans 

''With  Mayari  steel  at  1.5j5  per  lb.  excess,  the  excess  for  nickel  steel  of 
E  =  55,000  lbs.  is  2.25jf  per  lb.  and  that  for  nickel  steel  of  ^  =  60,000 
lbs.  is  3.0^  per  lb.  With  Mayari  steel  at  l.Oji  per  lb.  excess  over  carbon 
steel,  the  corresponding  figures  are,  respectively,  1.7?S  and  2A^  per  lb. 
For  equal  costs  of  bridges,  as  compared  with  carbon  steel,  Mayari  steel 
could  stand  an  excess  pound  price  of  3.75^  for  the  manufactured  super- 
structure. 

"  Cantilever  Bridges  with  Openings 

FROM  1,000'  to  2,000' 

"Mayari  steel  bridges  at  1.5i  per  lb.  excess  over  carbon  steel  are 
equal  in  cost  to  nickel  steel  bridges  for  E  =  55,000  lbs.  at  an  excess  of 
2.3  (i  per  lb.  and  to  nickel  steel  bridges  for  E  =  60,000  lbs.  at  an  excess 
of  3.1j*  per  lb.  With  Mayari  steel  at  an  excess  of  1^5  per  lb.,  the  corre- 
sponding excesses  for  the  other  steels  would  be,  respectively,  1.7fi  and 
2.5j^  per  lb.  For  equal  costs  of  bridges,  as  compared  with  carbon  steel, 
Mayari  steel  could  stand  an  excess  pound  price  of  1.85)^. 

"From  the  preceding  it  is  evident  that  Mayari  steel  has  carbon  steel 
beaten  for  bridge  work  under  all  conditions,  but  that  if  it  costs  when 
manufactured  1.5f5  per  pound  more  than  that  metal,  it  will  not  be  as 
economic  as  either  of  the  grades  of  nickel  bridge  steel  which  can  be  pro- 
duced commercially  today.  If,  however,  the  manufacturers  of  Mayari 
steel  and  of  structures  made  therefrom  can  bring  the  price  of  their  fin- 
ished metal  work  dowTi  to  an  excess  of  one  cent  per  pound  as  compared 
with  carbon  steel,  their  product  will  have  somewhat  more  than  a  fighting 
chance  in  the  competition.  Nevertheless  it  will  always  have  one  serious 
obstacle  to  contend  against,  viz.,  the  irregularity  of  the  composition  and 
characteristics  of  the  finished  product.  This  is  shown  very  clearly  in 
Mr.  Reynders'  letter;  for  in  his  shape-steel  tests  the  elastic  limit  varies 
from  54,300  to  64,700  pounds  per  square  inch,  the  ultimate  strength  from 


72  BRIDGE   ENGINEERING  Chapter  IV 

91,400  to  98,420  pounds  per  square  inch,  the  nickel  content  from  1.27 
to  1.51  per  cent,  and  the  chromium  content  from  0.36  to  0.47  per  cent. 
In  the  plate  tests  the  corresponding  variations  were,  respectively,  from 
55,270  to  64,660  pounds  per  square  inch,  from  90,040  to  99,600  pounds  per 
square  inch,  from  1.36  to  1.57  per  cent,  and  from  0.31  to  0.49  per  cent. 
Considering  that  the  raw  material  receives  very  little  preparation  for 
smelting,  the  preceding  showing  is  by  no  means  bad,  especially  since  the 
records  given  indicate  that  no  special  difficulty  has  been  experienced  in 
complying  with  the  specifications.  On  the  other  hand,  though,  the  serious 
disadvantage  under  which  the  alloy  labors  is  strikingly  made  evident  by 
averaging  the  elastic  limits  given  in  the  specimen  tests;  because  the  mean 
of  all  the  figures  is  59,655  lbs.,  while  the  requirement  was  only  50,000  lbs. 
It  is  possible  that  experience  in  the  production  of  the  alloy  will  result  in 
greater  regularity  and  less  cost.  If  such  prove  to  be  the  case,  Mayarl 
steel  is  likely  to  supplant  entirely  the  other  alloy  bridge  steels  at  present 
obtainable;  but  it  is  far  from  being  the  ideal  alloy  for  long-span  bridge 
construction.  Even  if  the  inherent  irregularity  be  made  truly  non-in- 
jurious to  the  metal  by  always  keeping  its  characteristics  well  above  the 
specified  requirements,  there  will  (for  many  years,  at  least)  exist  in  the 
minds  of  purchasers  the  latent  doubt  of  the  steel's  reliability  and  the 
dread  that,  without  warning,  the  elastic  limit  and  the  ultimate  strength 
may  drop  dangerously  below  the  minima  called  for  in  the  specifications. 

"For  a  long  time  to  come,  and  perhaps  always,  it  will  probably  be 
necessary  to  test  Mayari  steel  much  more  thoroughly  than  carbon  steel 
in  order  to  prevent  the  utilization  of  any  inferior  melt  or  rolling  in  the 
manufacture  of  bridge  superstructures. 

"In  the  development  of  Mayari  steel  for  bridgework  credit  is  due 
to  Ralph  Modjeski,  Esq.,  C.  E.,  the  Consulting  Engineer  on  the  new 
Memphis  Bridge,  the  first  large  structure  in  which  that  alloy  is  to 
be  used. 

"During  a  stay  of  some  six  weeks  in  France  in  1909,  the  author  learned 
that  certain  metal  manufacturers  in  that  country  were  making,  in  melts 
of  five  tons  or  less,  by  the  electro-metallurgical  process  a  purified  steel 
for  which  they  claimed  rather  astonishing  results  in  respect  to  high  elastic 
limit,  great  ultimate  strength,  and  general  suitability  for  the  manufacture 
of  bridges;  although,  as  far  as  the  author  could  ascertain,  no  such  struc- 
tures up  to  that  time  had  been  built  of  the  new  product.  It  was  not 
convenient  for  him  then  to  obtain  and  test  specimens  of  the  steel,  as  he 
greatly  desired  to  do;  hence  he  had  to  content  himself  Avith  second-hand 
information  obtained  by  both  interviews  and  correspondence.  The  re- 
sults of  these  convinced  him  that  the  claims  made  might,  at  least  par- 
tially, be  justified  by  performance;  thereupon,  liaving  some  spare  time, 
he  prepared  an  economic  study  of  the  possibilities  for  utilizing  such  puri- 
fied steel  in  bridges.  In  his  calculations  he  employed  French  units,  prices, 
and  other  conditions,  publishing  the  results  in  French  in  a  memoir  for 
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Le  Genie  Civil  under  the  title,  'Etude  Economiquc  de  VEmploi  de  VAcier 
au  Carbone  a  Grande  RcsiMance  pour  la  Construction  des  Pouts.' 

"The  French  raetalhirgists,  steel  manufacturers,  and  bridge  engineers 
to  whom  the  author  applied  for  information  were  all  most  kind  and  cour- 
teous in  furnishing  it,  enabling  him  to  collect  quickly  all  the  general  data 
needed.  Just  here  the  author  claims  the  privilege  of  expressing  publicly 
his  high  appreciation  of  the  exceeding  kindliness  and  courtesy  which 
French  engineers  and  French  scientists  make  a  practice  of  showing  toward 
their  professional  brethren  from  the  United  States.  Nothing  seems  to 
give  them  too  much  trouble  in  their  endeavor  to  oblige;  and  they  are  ever 
ready  to  devote  hours  of  their  valuable  time  to  discussing  the  similarities 
and  differences  between  French  and  American  conditions,  practice,  and 
customs  in  all  matters  of  a  technical  nature. 

"The  excess  cost  of  the  French  purified  steel,  as  compared  with  the 
ordinary  carbon  bridge  steel  of  that  country,  appeared  to  be  about  nine- 
tenths  of  a  cent  per  pound  for  the  manufactured  superstructure.  The 
investigation  showed  the  economics  for  its  employment  in  bridge  build- 
ing for  the  mean  and  the  extreme  conditions  of  the  French  metal  market, 
and  for  a  number  of  assumed  elastic  limits,  varying  from  30  to  45  kg. 
per  sq.  nmi.,  the  value  for  the  usual  carbon  bridge-steel  in  France  being 
24  and  that  for  the  author's  specified  nickel  steel  42.5  kg.  per  sq.  mm. 
The  outcome  of  the  investigation  was  that  there  was  found  no  advantage 
whatsoever  for  the  30  kg.  elastic  limit;  none  for  short  spans,  but  a  small 
one  for  long  spans  with  a  35  kg.  elastic  limit;  a  decided  saving  for  all 
cases  with  a  40  kg.  limit;  and  a  wonderful  economy  for  the  45  kg.  limit, 
the  highest  claimed  by  any  of  the  French  manufacturers. 

"Figs.  4:h,  4:1,  4j,  and  4A;  are  taken  from  the  issue  of  Le  Genie  Civil 
dated  August  7,  1909.  They  show  for  carbon  steel,  the  author's  speci- 
fied nickel  steel,  and  the  purified  steels  having  assumed  elastic  limits  of 
30,  35,  40,  and  45  kg.  per  sq.  mm.,  respectively,  the  weights  of  metal  in 
kilogrammes  per  lineal  meter  for  simple-span  bridges,  ditto  for  cantilevers, 
the  costs  in  francs  per  lineal  metre  of  span  of  the  steel  erected  in  simple- 
span  bridges,  and  the  same  in  cantilever  bridges  of  the  most  usual  type. 
In  Figs.  4j  and  4ck  the  assumed  condition  of  the  carbon  steel  market  was 
that  which  existed  in  France  at  the  time  the  investigation  was  made. 
Most  fortunately,  it  was  also  the  exact  mean  of  the  two  extreme  conditions. 

"It  was  the  author's  hope  that  the  publication  of  his  paper  would 
give  an  impetus  in  France  (and  perhaps  elsewhere  also)  to  the  manu- 
facture of  bridges  of  purified  steel,  but  the  hope  has  proved  to  be  a  vain 
one;  for,  up  to  the  present,  he  has  not  heard  of  any  such  development. 
It  is  probable  that  the  metallurgists  and  the  bridge  manufacturers  of 
France  are  no  more  eager  to  adopt  drastic  innovations  in  their  practice 
than  are  their  brethren  in  the  United  States.  If  nothing  ever  comes  of  that 
investigation,  and  if  purified  steel  is  never  used  directly  for  bridge  buikl- 
ing,  it  is  within  the  realm  of  possibility  that  the  ideal  future  alloy  of  steel 
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for  bridges  will  be  made  by  first  purifying  carbon  steel,  either  by  the 
electro-metallurgical  process  or  by  some  other  method,  before  the  alloy- 
ing element  is  added  to  the  molten  mass,  in  which  case  the  trouble 
that  the  author  went  to  in  preparing  the  paper  just  described  would  not 
be  wholly  wasted. 

"Desiring  to  obtain  for  the  preparation  of  this  paper  some  authentic 
information  concerning  the  status  of  the  manufacture  of  purified  steel, 
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the  author  consulted  the  United  States  Steel  Corporation  on  the  subject; 
and  in  reply  to  his  letter  received  a  communication  from  W.  R.  Walker, 
Esq.,  the  Assistant  to  the  President  of  the  company,  dated  April  28, 
1914,  from  which  the  following  extract  is  quoted: 

"  'Although  the  electric  steel  process  is  a  comparatively  new  one,  being  only  ten  years 
old,  nevertheless  there  are  in  operation  about  130  electric  furnaces  in  tliis  country  and 
Europe  which  are  making  high-grade  steel  commercially.    This  steel  has  proven  to  be  of 
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such  excellent  quality  that  it  is  rapidly  displacing  crucible  steel,  which  is  generally 
considered  the  standard  of  excellence.  It  is  also  being  used  in  seamless  tubes,  wire, 
sheets,  ship  anglrs,  rails,  thin  armor  plate,  and  especially  tools. 

'"In  190!)  the  Stool  Corporation  began  the  operation  of  a  13-ton  electric  furnace  at 
the  South  Chicago  plant  of  the  Ilhnois  Steel  Company,  and  in  1910  began  the  operation 
of  a  similar  furnace  at  the  Worcester  Works  of  the  American  Steel  and  Wire  Company. 


100        150        209       ZSH        300        350 


150         m        m        300        350        400        SO         500       550 
Por-^ee    e/e  /a  Travie  Pnhapafe  en   Mefre^ 

Fig.  4fc.     Prix  du  Metal  en  CEuvre  par  Metre  Courant  pour  les  Fonts  Cantilevers 

Double  Voie. 


These  installations  were,  at  the  time,  experimental  to  the  extent  that  it  was  not  known  if 
we  could  make  the  heavier  products,  such  as  rails,  commercially.  We  have  made  about 
10,000  tons  of  rails  which  are  now  in  track.  A  number  of  years  are  required  to  test 
out  the  value  of  rails;  but,  up  to  this  time,  none  of  our  electric  steel  rails  have  broken 
in  service — even  those  located  in  the  far  Northwest  during  the  very  severe  winter 
of  1912. 

"'Although  the  electric  furnace  at  Worcester  has  not  been  in  operation  for  some 
time,  due  to  commercial  reasons,  the  furnace  at  South  Chicago  has  operated  almost 
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continuously  ever  since  its  installation,  and  is  now  employed  in  making  alloy  steels,  such 
as  nickel-chrome,  chrome-vanadium,  high  silicon  steels,  etc. 

'"From  these  facts  I  think  you  can  safely  conclude  that  electric  steel  is  no  longer 
an  experiment  and  that  its  quahty  is  equal  to  the  best  made  by  any  other  process.' 

"Late  in  1913,  not  Ijeing  satisfied  with  the  progress  then  being  made 
in  the  use  of  special  steels  of  high  elastic  limit  for  long-span  bridges,  the 
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Fig.  4Z.     Total  Weight  of  Metal  per  Lineal  Foot  of  Span  for  Double-track,  Simple- 
span  Bridges  of  Carbon  Steel  and  Alloy  Steels  of  Different  Elastic  Limits. 

author  prepared  for  the  American  Society  of  Civil  Engineers  a  paper  en- 
titled 'The  Possibilities  in  Bridge  Construction  by  the  Use  of  High  Alloy 
Steels.'  It  was  printed  in  the  Society's  Proceedings  early  in  1914,  and 
has  since  been  discussed  by  some  sixteen  engineers  of  the  United  States, 
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Europe,  and  other  parts  of  the  world,  and  is  now  about  to  be  published 
in  the  Society's  Transactions. 

"As  might  be  anticipated  from  the  title  of  the  memoir,  its  object  is 
to  determine,  for  the  usual  types  of  bridges  and  for  all  practicable  span 
lengths,  the  weights  of  metal  per  lineal  foot  of  structure  that  would  be 
required  when  using  alloy  steels  of  varj- ing  elastic  limits,  and  the  economics 
involved  by  their  employment.  Incidentally,  there  would  be  found  the 
extreme  practicable  limits  of  span-length  for  cantilever  bridges  constructed 
for  the  greater  part  of  such  materials. 

"The  elastic  limits  assumed  varied  by  10,000  lbs.,  starting  with  50,000 
lbs.  and  ending  with  100,000  lbs.  Fig.  41  gives  the  weights  of  metal  per 
lineal  foot  of  span  for  double-track,  simple-span  bridges,  and  Fig.  4w 
records  those  for  double-track,  cantilever  bridges.  In  the  text  of  the 
memoir  are  given  directions  for  finding  the  corresponding  weights  for  sim- 
ilar bridges  having  more  than  two  tracks  and  for  those  carrying  other 
live  loads  than  the  ones  assumed  in  the  investigation. 

"From  Fig.  41  it  is  evident  that  in  simple-span  structures  there  is  an 
inmaense  saving  in  weight  of  metal  by  using  alloy  steel  instead  of  carbon 
steel,  also  that  the  rate  of  saving  diminishes  gradually  as  the  elastic  limit 
of  the  metal  increases. 

"In  Fig.  47n  the  saving  of  material  by  employing  alloy  steels,  while 
not  quite  so  striking  as  in  the  case  of  Fig.  41,  is  still  most  apparent. 

"  If,  as  can  be  seen  by  Fig.  4?n  to  be  logical,  it  be  assumed  that  a  limit 
of  36,000  lbs.  of  metal  per  lineal  foot  of  span  is  as  high  as  it  is  either  eco- 
nomical or  practicable  to  go  in  the  building  of  double-track,  railway, 
cantilever  bridges,  the  corresponding  limiting  lengths  of  main  openings 
will  be  approximately  as  follows: 

For  carbon  steel,  E  =     3.5,000  lbs 2030  feet 

"  steel  in  which  E  =    50,000  "   2340  " 

"      "      "        "      E=     60,000" 2,590  " 

"     "     "        "     E=    70,000" 2780  " 

"     "      "        "     E=     80,000"   2910  " 

"      "      "        "     E=     90,000" 3030  " 

"      "      "        "      £'  =  100,000" 3140  " 

"From  the  appearance  of  the  curves  at  their  superior  ends  one  may 
draw  the  conclusion  that,  in  the  case  of  the  very -high-alloy  steels,  the 
limit  of  weight  of  metal  per  lineal  foot  of  span  can  legitimately  be  raised 
beyond  the  previously  assumed  36,000  lbs.  The  more  nearly  these  curves 
approach  the  vertical  the  more  uneconomical  would  it  be  to  extend  the 
limit  beyond  the  said  36,000  lbs.  per  lineal  foot. 

"In  studying  the  economics  of  the  various  alloy  steels,  the  present 
ruling  pound  prices  for  carbon  steel  bridges  erected  were  assumed  to  be 
4.5  cents  for  simple  spans  and  5  cents  for  cantilevers. 

"Fig.  4n  is  a  specimen  of  the  economic  diagrams  for  simple-truss 
bridges.     It  shows  that,  even  with  an  excess  pound  price  of  4.5  cents 
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for  the  fabricated  alloy  metal,  there  is  a  saving  over  carbon  steel  when 
the  elastic  limit  of  the  alloy  is  80,000  lbs.  per  square  inch.  Fig.  4o,  which 
is  for  cantilevers  and  for  an  elastic  limit  of  80,000  lbs.  per  square  inch, 
shows  that  the  same  conclusion  holds  as  that  just  drawn  for  simple-truss 
spans. 

"In  concluding  the  memoir  the  author  says  it  is  evident  that  his 
results  clearly  prove  that  a  systematic  series  of  experiments  made  in 
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search  of  a  suitable  and  satisfactory  alloy  steel  for  building  long-span 
bridges  would  be  well  worth  while.  He  indicates  that  he  is  of  the  opinion 
that  the  first  step  to  take  in  such  an  investigation  would  be  to  experiment 
on  "purified"  steel  so  as  to  bring  it  to  its  maximum  of  effectiveness,  then 
to  try  adding  nickel  in  various  quantities,  and   afterward    nickel  with 
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other  but  cheaper  substances.  He  recognizes  that  augmenting  the  car- 
bon in  the  purified  steel,  while  increasing  both  its  ultimate  strength  and 
its  elastic  limit,  would  tend  to  harden  the  metal,  but  anticipates  that 
the  addition  of  nickel  (and  possibly  other  elements)  would  tend  to  reduce 
the  brittleness  and  render  it  workable. 

"The  final  paragraph  of  his  paper  reads  as  follows: 

'"The  prol)lem  of  finding  a  high,  cheap  alloy  of  steel,  suitable  in 
every  particular  for  bridges,  is  now  before  the  metallurgists  and  the 
builders  of  large  metallic  structures;  and  the  values  of  all  the  results 
probably  attainable  are  clearly  indicated  in  this  paper;  hence  the  onus 
is  on  the  engineering  profession  to  see  that  the  necessary  experiments 
are  arranged  for  and  thoroughlj^  carried  out,  in  order  that  the  world  may 
have  at  its  command  a  new  metal  that  will  permit  of  the  spanning  of 
waterways  which  are  so  wide  and  so  deep,  or  are  so  restricted  by  navi- 
gation requirements,  as  at  present  to  defy  the  art  of  the  bridge  engineer.' 

"In  the  sixteen  discussions  of  the  paper  there  were  advanced  two 
pertinent  suggestions  concerning  how  to  find  the  desired  alloy.  One  was 
to  use  about  three  (3)  per  cent  of  aluminum  as  the  principal  alloy  element, 
the  present  price  thereof  being  only  20  cents  per  pound;  and  it  was  antic- 
ipated that  such  a  combination  might  produce  a  satisfactory  steel  having 
an  elastic  limit  of  100,000  lbs.  per  sq.  in.  It  was  evident  from  the  way 
in  which  the  discussion  was  worded  that  no  experimenting  worth  men- 
tioning had  been  done  on  that  alloy  for  the  purpose  of  bridge  building; 
hence  the  suggestion  must  be  treated  as  a  wholly  tentative  one,  although 
decidedly  alluring. 

"The  other  suggestion,  made  by  Geo.  L.  Norris,  Esq.,  Metallurgical 
Engineer  of  the  American  Vanadium  Company  of  Pittsburg,  was  that 
either  vanadium-carbon  steel  or  vanadium-chromium  steel  be  used  as  a 
high  alloy  for  bridgework.  This  suggestion  was  much  more  directly  to 
the  point  than  the  other;  because  both  of  the  vanadium  alloy  steels 
mentioned  have  been  manufactured  for  several  years,  although  not  for 
the  purpose  of  bridge  building.  Mr.  Norris  was  able  to  give  the  chemical 
and  the  physical  qualities  of  the  alloys  recommended,  but,  unfortunately, 
only  by  stating  very  wide  limits  therefor. 

"In  answer  to  a  long  list  of  questions  concerning  the  use  of  vanadium 
in  steel,  propounded  by  the  author  in  a  letter  to  the  American  Vanadium 
Company,  and  incorporated  as  a  part  of  the  resume  of  discussions,  the 
following  important  information  was  obtained  from  Mr.  Norris: 

"A.  Vanadium  steel  is  eminently  fitted  for  the  manufacture  of  eye- 
bars.  The  elastic  limit  for  full-size,  chrome-nickel- vanadium  bars  varied 
in  the  tests  from  63,280  lbs.  to  80,480  lbs.,  and  the  ultimate  strength 
from  93,000  lbs.  to  99,800  lbs.,  the  results  depending  upon  the  drawback 
or  annealing  temperature  after  quenching.  The  excess  cost  per  pound 
of  these  finished  bars  after  treatment,  as  compared  with  ordinary  eye- 
bars  of  carbon  steel,  Mr.  Norris  indicated  would  not  exceed  3.5  cents. 


500 

3500 


1000 


m 


2m 


2500 


500 


_    ^ _ -        -    ^  , 

/ 

_,"^ 

^  / 

±                                                     t  t 

-T-i 

J  7 

t  t-i 

^"-/  7 

___                  _____                  -                        4     t-t  t 

t    tl    'y^ 

-t    4    t 

2    t-i    4 

X                                                                        t-T^  t 

-1  7  t-T 

t  t-i  7 

-.'-it  t^ 

7  t-J^-i  7 

tJ^7  t  t 

-t    7    t-^4-' 

—         -                              -                                7  t-TlPt  ' 

X-                                   -:  ^  t^-i 

.^wtz^^J^t 

-^Kbf-/  t-i' 

it                           "                               -Jh-M^  i  7 

it                                                                      "                                                                   -^            J^I  ^f^r'\l-.L 

ZlnJ^MSfn 

^A^^Mm^ 

4i/%'V^/w 

W,  7  7/i^/(J 

f  &Sty  I^  lL 

\.  /,o)/r^/s  V  /- 

-^'/U/,0>/)Y'^J 

m7C7  tfS  /^ 

/  ^W  f 

f         J    r     /  Ix    / 

.                                                     y     j^   jL  ^   c-\ 

,'      /  J    J     J    L. 

f\     t--i   -t   u   ~2. 

-A           Z      Z      '        L-^ 

/     /     /     /     /     f 

(-  ^  /-   /-  ^  z 

/      >     J^  /     /     / 

y          .'      y^_j>          >         / 

'   y        /   J^  J   / 

^  >     j^  y    /          J 

r'i-'JK     J     y     j'     j^  J 

'  y  ^  jT    j'     /t'^I  y      V 

1         ''^  X   ^    \/\    \j'      J                                                                                   * 

ffSJ'' 4  ''l/  ''1  L^  j/ 

Ary     //  /^  ^  J^  /" 

/  V 1  ^^  ^j^  y'  J*  '^  "^ 

'  ^"^^  j^-^j^    'j^    /^ 

J^J^JT^J^J'  '^        ''' 

^^y^     ^''^j/'         '''' 

/  v'^K^S  ^\y^^^ 

^^^'5^^0 

^<5''>>^'S^^ 

^  j-^"^  ■''^^n 

^'C  ^"^JI^^J^  ■''' 

^i,^  >^^'' 

t^P'i  '^ 

••* 

3000 
•3500 


^00 


2500 


2000 


1500 


-mo 


500 


2500 


3000 


Fig.  4o. 


/^^i?  /jS7^  iiW 

Lengf-h     of  Main     Opening    in    /^e/. 

Comparative  Costs  of  Double-track,  Cantilever,  Railway  Bridges  of  Carbon 
Steel  and  MLxed  Alloy  and  Carbon  Steels  for  £  =  80,000  lbs. 


84  BRIDGE   ENGINEERING  Chapter  IV 

"He  anticipated  that  simple  carbon-vanadium  steel  eye-bars  would 
have  E.  L.  =  from  60,000  to  75,000  lbs.,  and  Ult.  =  from  85,000  to 
100,000  lbs.;  but  it  is  evident  that  no  experiments  have  been  made  on 
finished  bars  of  that  kind.  The  excess  cost  of  such  eye-bars  after  aimeal- 
ing,  as  compared  with  ordinary  eye-bars  of  carbon  steel,  would  not  be 
more  than  1.5  cents  per  pound. 

"B.  It  was  not  quite  so  evident  from  the  discussion  that  vanadium 
steel  is  as  suitable  for  built  members  of  bridges  as  it  is  for  eye-bars,  but 
it  seems  probable  that  it  would  be  found  satisfactory. 

"Mr.  Norris  states  that  his  chrome-vanadium  steel  will  be  workable 
under  shop  manipulations. 

"C.  It  appears  from  Mr.  Norris's  remarks  that  heat-treated  vanadium 
steel  can  be  manufactured  into  built  members  of  bridges  without  losing 
the  great  effect  of  the  treatment,  but  it  would  probably  be  better  to  drill 
the  rivet  holes  solid  than  to  subpunch  and  ream  them.  Mr.  Norris  did 
not  answer  the  question  whether  vanadium  steel  can  be  bent  cold  without 
injury;  hence  one  may  surmise  that  it  cannot.  However,  this  would 
not  militate  greatly  against  its  use  in  bridge  work,  because  in  long-span 
structures  (the  only  kind  now  under  consideration)  there  should  be  very 
little,  if  any,  metal  to  be  bent. 

"D.  In  respect  to  rivets,  Mr.  Norris  advises,  for  chrome-vanadium 
steel,  E.L.  =  50,000  to  65,000  lbs.,  and  Ult.  =  70,000  to  90,000  lbs.; 
and  for  simple  carbon-vanadium  steel  E.  L.  =  40,000  to  55,000  lbs.,  and 
Ult.  =  65,000  to  85,000  lbs.  The  author  is  of  the  opinion  that  some 
serious  difficulty  might  be  encountered  in  cutting  out  defective  rivets  as 
high  in  strength  as  those  first  mentioned. 

"Concerning  rivets  for  bridges  built  of  high  alloy  steels,  it  is  a  fore- 
gone conclusion  that  the  ratio  of  the  strength  of  the  alloy-steel  rivets  to 
that  of  carbon  steel  rivets  cannot  be  as  great  as  the  corresponding  ratio 
of  strength  of  plate-and-shape  alloy  steel  to  that  of  plate-and  shape  car- 
bon steel.  On  this  account,  in  high-alloy-steel  bridges  it  will  be  necessary 
to  use  proportionately  either  more  rivets  or  greater  rivet  diameters — or 
both. 

"E.  The  amount  of  chromium  recommended  by  Mr.  Norris  varies 
from  0.6%  to  0.9%  in  combination  with  manganese  varying  from  0.4% 
to  0.6%),  or  even  to  0.8%. 

"F.  Although  for  a  number  of  years  it  was  thought  by  the  engineer- 
ing profession  in  general  that  vanadium  in  steel  acts  merely  as  a  scavenger, 
none  of  it  remaining  in  the  finished  product,  but  all  of  it  passing  off  with 
the  slag,  Mr.  Norris  asserts  that  about  80%  of  the  vanadium  which  is  added 
to  the  charge  remains  in  the  metal. 

"Mr.  Norris  is  positive  that  the  vanadium  is  very  evenly  distributed 
through  the  ingot,  and  that  not  only  is  there  no  danger  whatsoever  of 
its  segregation,  but  also  that  its  presence  in  the  molten  metal  tends  to 
prevent  the  segregation  of  other  substances — notably  carbon.     This  is 
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most  reassuring  and  is  a  strong  point  in  favor  of  tiio  omploymont  of 
vanadium  steel  for  bridge  building. 

''G.  From  what  Mr.  Norris  states,  one  might  anticipate  that  the 
gain  by  adding  nickel  to  vanadiimi-earbon  steel  or  to  vanadium-chromium 
steel  would  be  either  very  small  or  non-existent. 

"i/.  Mr.  Norris  is  quite  convinced  that  the  addition  of  titanium  to 
vanadium  steel  would  be  useless.  Perhaps  the  explanation  for  this  is 
that  the  20%  of  the  vanadium  charge  which  passes  off  into  the  slag  acts 
as  a  scavenger,  thus  obviating  the  necessity  for  any  further  purification 
— which  office  is  the  sole  function  of  the  titanium. 

"The  author's  assumption  from  Mr.  Norris's  data  of  E.  L.  =  60,000  lbs. 
for  his  vanadium-carbon  steel  and  E.L.  ^  70,000  lbs.  for  his  vanadium- 
chromium  steel  with  excess  pound  prices  for  the  manufactured  metals  of 
2.0  cents  and  4.0  cents,  respectively,  would  establish  specifications  and 
prices  that  the  steel  makers  and  bridge  manufacturers  should  have  no 
special  trouble  in  living  up  to.  It  is  possible  that  these  assumptions 
do  not  do  sufficient  justice  to  the  vanadium  steels,  but  the  figures  had 
to  be  made  safe  for  an  investigation  of  the  economics  of  the  two 
tj^es  of  vanadium  steel  compared  with  carbon  steel  and  with  the 
two  classes  of  nickel  steel  which  are  procurable  today  in  the  United 
States  for  bridgework,  viz.,  that  for  E  =  50,000  lbs.  at  an  excess  pound 
price  of  2.0  cents  and  that  for  E  =  55,000  lbs.  at  an  excess  pound  price 
of  2.5  cents. 

"Under  the  preceding  conditions  the  economics  of  the  five  steels 
considered  are  shown  for  simple-truss  spans  in  Fig.  Afp  and  for  cantilever 
bridges  in  Fig.  4g. 

"Referring  to  Fig.  4p,  it  is  seen  that  for  simple-span  bridges,  with 
the  conchtions  assumed,  vanadium-carbon  steel  shows,  for  all  span-lengths, 
a  small  but  material  advantage  over  all  the  other  steels;  and  that  the 
vanadium-chromium  steel  begins  to  develop  an  economy  over  carbon 
steel  at  a  span-length  of  about  500  feet,  and  over  the  two  nickel  steels  at 
a  span-length  of  about  650  feet. 

"Referring  to  Fig.  4g,  it  is  seen  that  for  cantilever  bridges,  under  the 
conditions  assumed,  vanadium-carbon  steel  shows  for  all  span-lengths, 
as  in  the  case  of  simple-truss  spans,  a  small  but  material  advantage  over 
all  the  other  steels;  and  that  the  vanadium-chromium  steel  begins  to 
develop  an  economy  over  the  carbon  steel  and  the  two  nickel  steels  when 
the  main  opening  has  a  length  of  about  1,400  feet. 

"The  author  closes  the  resume  of  the  discussions  of  his  paper  on  'The 
Possibilities  in  Bridge  Construction  by  the  Use  of  High-Alloy  Steels'  in 
these  words: 

"'Summarizing  the  findings  of  the  discussion  and  the  resume,  there 
can  be  drawn  the  following  conclusions: 

"'First.  Titanium  as  a  scavenger  of  carbon  steel  promises  good  and 
useful  results  at  exceedingly  low  cost.     While  it  does  not  increase  greatly 
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the  elastic  limit  or  the  ultimate  strength  of  the  metal,  it  makes  it  much 
more  uniform  and  reliable.  On  that  account  it  should  be  employed  in  a 
few  cases  on  bridgework;  and  then,  if  it  be  found  satisfactory,  its  adop- 
tion should  be  made  obhgatory  by  the  railroad  companies  and  the  other 
builders  of  carbon  steel  bridges. 

'"Second.  There  appears  to  be  a  great  possibility  in  the  use  of  alumi- 
num as  an  alloy  for  bridge  steel;  but,  as  far  as  the  author  can  determine, 
very  few  experiments  in  aluminum  steels  have  yet  been  made ;  hence  the 
said  possibility  is  more  or  less  hypothetical. 

"'Third.  The  possibihty  of  obtaining  a  good,  high  alloy  steel 
for  bridges  by  the  use  of  vanadium  appears  to  be  almost  a  certainty; 
but  the  highest  elastic  limit  and  ultimate  strength  which  can  be 
obtained  upon  a  commercial  basis  by  the  use  of  that  element  can- 
not be  determined  without  making  some  elaborate  and  exhaustive 
experiments.' 
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Fig.  4p.     Comparative  Costs  of  Double-track,  Simple-span,  Railway  Bridges  of  Carbon 
Steel  and  Mixed  Alloy  and  Carbon  Steels,  Contrasting  Vanadium  and  Nickel  Steels. 


"In  closing  this  memoir  for  the  International  Engineering  Congress, 
the  author  feels  that  he  ought  to  conclude  with  an  apology  to  such  an 
august  assembly  for  the  inherent  personality  of  practically  its  entire  sub- 
stance— and  such  an  apology  is  herewith  tendered  with  all  due  respect. 
In  extenuation  of  his  transgression,  however,  he  would  state  that,  in  re- 
lation to  the  subject  of  'alloy-steels  in  bridgework,'  he  has  been  so  closely 
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Fig.  4g.     Comparative  Costs  of  Double-track,  Cantilever,  Railway  Bridges  of  Carbon 
Steel  and  Mixed  Alloy  and  Carbon  Steels,  Contrasting  Vanadium  and  Nickel  Steels. 
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connected  with  the  matter  ever  since  its  inception  that  he  feels  justified 
in  applying  to  his  case  the  words  of  the  renowned  ^Eneas, 
'  et  quorum  pars  magna  fui.' 

"Addendum,  Sept.  11,  1915 

"Events  in  the  development  of  alloy  steels  for  bridge  work  move  rap- 
idly these  days;  and  as  it  is  probable  that  those  members  of  the  Congress 
who  are  at  all  interested  in  the  subject  of  this  paper  would  like  to  hear 
the  latest  word  thereon,  the  following  additional  information  is  presented: 

"Silicon  Steel 

"There  is  being  used  for  the  main  built-members  of  the  trusses  of  the 
C.  B.  &  Q.  R.  R.  bridge,  now  in  process  of  construction,  across  the  Ohio 
River  at  Metropolis,  111.,  an  alloy  that  has  been  termed  'silicon  steel.' 
Its  specified  composition  and  characteristics  are  as  follows: 

Phosphorus,  max.  (basic) 0.04% 

Phosphorus,  max.  (acid) 0 .  06% 

Sulphur,  max 0 .  05% 

Carbon,  max 0 .  40% 

Manganese,  max 1 .  00% 

Sihcon,  min 0.25% 

Ultimate  Strength,  min 80,000  lbs. 

Ultimate  Strength,  max 95,000  lbs. 

Yield  Point,  min 45,000  lbs. 

Percentage  of  Elongation  in  8  inches  =  1,600,000  -;-  Ultimate  Strength 

Reduction  of  Area,  min 35% 

Fracture  desired silky 

Cold  bend  without  fracture, 

%  inch  thick  and  under d  =  t 

^  to  1 K  inches  thick d  =  1 .  5t 

Over  1  }/2  inches  thick d  =  2 .  5t 

"The  excess  cost  of  the  rolled  silicon  steel,  as  compared  with  the  or- 
dinary carbon  bridge  steel,  is  one-half  cent  per  pound,  and  the  excess 
cost  for  shop  work  is  about  0.15  cent  per  pound. 

"The  author  is  curious  to  loiow  what  would  be  the  effect  on  the  above 
steel  if  the  twenty-five  points  of  silicon  were  either  omitted  altogether  or 
reduced  to  a  minimum.  His  surmise  is  that  very  little  difference  would 
be  noted;  for,  as  stated  in  Chapter  III,  ordinarj^  carbon  steel  containing 
forty  points  of  carbon  and  about  sixty-five  points  of  manganese  has  a^. 
ultimate  strength  of  80,000  lbs.,  which  would  be  increased  somewhat  by 
putting  in  thirty-five  additional  points  of  manganese. 

"The  high  steel  for  bridges  specified  by  the  author  nearly  two  decades 
ago  in  De  Pontibus,  but  never  used  by  him  in  any  of  his  work,  was  as 
follows: 

Phosphorus,  max  (acid) 0. 07% 

Sulpliur,  max 0.05% 
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Silicon,  max 0.06% 

Manganese,  max 0 .  80% 

Ultimate  Strength,  min 70,000  lbs. 

Ultimate  Strength,  max S0,00()  lbs. 

Yield  Point,  min 40,000  lbs. 

Elongation  in  8  inches from  16  to  20% 

Reduction  of  area from  30  to  38% 

Fracture  desired silky 

Cold  bend  without  fracture d  =  2t 

"Such  bridge  metal  is  not  greatly  inferior  to  the  silicon  alloy  just 
described;  and  if  the  permissible  manganese  were  increased  from  the 
specified  80  to  the  100  points  permitted  in  sihcon  steel,  the  differences 
in  resistance  characteristics  of  the  two  steels  would  be  somewhat  reduced. 
Again,  the  specifications  for  the  silicon  steel  require  all  rivet  holes  to  be 
drilled  from  the  sohd,  an  old  requirement  for  high  carbon  bridge  steel. 

"From  what  precedes,  the  author  is  led  to  the  conclusion  that  the 
'silicon  steel'  of  the  Metropolis  Bridge  is  merely  a  slightly  improved 
form  of  high  carbon  steel,  notwithstanding  the  fact  that  his  friend,  C. 
W.  Bryan,  Esq.,  C.  E.,  Chief  Engineer  of  the  American  Bridge  Company, 
who  furnished  him  with  all  of  the  preceding  data  that  are  not  given  in 
Engineering  News  of  July  29,  1915,  is  of  the  opinion  that  silicon  steel 
suitable  for  bridgework  may  be  obtained  later  on  with  greater  elastic 
limit  than  45,000  lbs.  per  square  inch. 

"From  a  conmaercial  point  of  view  silicon  steel  with  E  =  45,000,  and 
at  an  excess  pound  price,  compared  with  carbon  steel,  of  one-half  cent 
for  the  rolled  raw  material,  is  a  close  competitor  of  Mayari  steel  with 
E  =  50,000,  and  at  a  corresponding  excess  pound  price  of  one  cent.  To 
prove  the  correctness  of  this  statement,  let  us  compare  the  costs  of  Ma- 
yari steel  and  silicon  steel,  long-span,  simple-truss,  double-track  bridges, 
erected,  when  the  corresponding  carbon  steel  bridges  in  place  are  worth 
4.5  cents  per  pound.  The  weights  of  metal  for  an  assumed  span  length 
of  750  feet,  taken  from  Fig.  U,  are,  respectively,  9,650  lbs.  and  10,350  lbs. 
Neglecting,  for  convenience,  the  small  variation  of  cost  per  pound  in- 
volved in  the  erection,  and  assuming,  as  in  the  body  of  the  paper,  a  total 
excess  of  1.5  cents  per  lb.  delivered  at  bridge  site  for  the  Mayari  steel, 
we  have  the  following  comparison: 

Mayari  Steel,  9,650  lbs.  at  6iif  =  $579.00 

SiUcon  Steel,  10,350  lbs.  at  5 .  5fi       =    569 .  25 


Difference  in  favor  of  Silicon  Steel  =      $9 .  75  per  lineal  foot  of  span,  or  about  1 . 7  per 
cent. 

"Vanadium  Carbon  Steel 

"Since  the  time  when  Mr.  Norris  furnished  the  information  concern- 
ing vanadium  steel  that  is  contained  in  the  body  of  this  paper,  he  has 
had  made  two  melts  of  vanadium  carbon  steel  which  are  of  interest  to 
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bridge  engineers,  although  the  metal  was  intended  for  other  purposes 
than  bridge  building.  The  results  of  these  tests,  which  are  by  no  means 
conclusive,  and  which,  in  their  incompleteness,  may  properly  be  deemed 
somewhat  disappointing,  nevertheless  hold  a  promise  of  the  eventual 
attairmient  of  the  desired  alloy.  But  to  accomplish  this,  future  tests 
must  be  made  systematically  and  in  accordance  with  a  programme  based 
on  a  thorough  study  of  the  problem  by  an  expert  bridge  engineer  who 
has  in  mind  the  needs  of  the  advancing  art  of  bridge  construction  and 
the  possibilities  awaiting  it,  if  a  high-elastic-limit  alloy-steel  can  be  had. 
If  such  an  investigation  were  made,  it  might  be  practicable  to  discover  a 
workable  and  perfectly  satisfactory  steel  alloy  of  vanadium  (and  perhaps 
other  special  elements)  for  the  manufacture  of  bridges.  With  a  report 
from  a  recognized  and  disinterested  authority,  the  engineering  profession 
would  be  quick  to  see  and  avail  itself  of  the  advantages  offered  by  this 
superior  bridge  metal.  The  author  would  be  content,  if  there  were  ob- 
tained an  alloy,  suitable  in  every  particular  for  bridge  construction,  hav- 
ing an  elastic  limit  of  80,000  lbs.  per  square  inch  for  annealed  eye-bars  of 
the  largest  size,  and  one  of  70,000  lbs.  per  square  inch  for  plate-and-shape 
steel;  but  it  might  be  within  the  realm  of  possibility  to  raise  the  last 
figures  as  much  as  5,000  lbs.,  especially  as  solid  drilling  can  now  be  adopted 
instead  of  subpunching  and  reaming  without  adding  materially  to  the  cost 
of  the  shopwork.  The  author  is  of  the  opinion  that  such  results  can  be 
obtained  by  riieans  of  vanadium,  but  only,  as  just  mentioned,  after  a 
thorough  and  exhaustive  investigation  shall  have  been  made  by  an  ex- 
pert bridge  engineer.  Such  a  person  should  be  allowed  ample  funds  for 
all  legitimate  expenditures  involved  in  the  exact  determination  of  the  dif- 
ferent properties  of  a  number  of  trial  alloys  of  various  compositions. 
Only  in  this  way  can  the  economics  of  the  problem  be  settled.  A  pica- 
yunish  policy  adopted  in  the  making  of  any  important  economic  investi- 
gation is  more  than  likely  to  defeat  its  purpose,  and  it  is  absolutely  cer- 
tain to  involve  a  greater  or  less  falling  short  of  ultimate  possible  success 
in  the  complete  attaiimient  of  the  desired  information." 

After  the  resume  of  the  paper  on  "The  Possibilities  in  Bridge  Con- 
struction by  the  Use  of  High  Alloy  Steels"  had  gone  to  press,  there  was 
received  from  Dr.  J.  W.  Richards,  who  for  twenty  years  has  been  the 
Consulting  Metallurgist  of  the  Aluminum  Company  of  America,  the 
following  communication : 

"The  statements  of  L.  J.  LeCome  concerning  the  properties  of  aluniinum  steel  do 
not  agree  with  the  rather  extensive  investigations  of  Sir  Robert  Hadfield,  pubhshed 
in  the  Journal  of  the  Iron  and  .Steel  Institute  for  1890,  Vol.  II,  page  IGl.  In  that  paper 
and  its  discussion  it  was  shown  that  additions  of  2]i  per  cent  aluminum  to  0.22  carbon 
steel  had  very  littl(>  effect  on  the  elastic  limit  or  breaking  strengtli,  but  reduced  greatly 
the  elongation  and  reduction  of  area,  i.e.,  it  makes  the  metal  more  brittle. 

"The  paper  concludes  by  recommending  the  advisability  of  adding  not  over  0.10  or 
0.15  per  cent  of  aluminum  to  steel,  with  the  object,  not  of  making  an  alloy,  but  that 
the  addition  may  be  consumed  in  deoxidizing  the  steel.    This  is,  in  fact,  the  proper 
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and  valuable  function  of  adding  aluminum  to  steel.  Up  to  0.1  per  cent  is  added  to 
Bessemer  steel,  0.01  to  0.05  per  cent  to  open-hearth  steel,  and  0.001  to  0.005  per  cent  to 
crucible  or  electric  furnace  steel.  This  may  be  called  universal  practice  in  the  steel 
industry,  for  in  practically  every  large  steel  works  such  minute  additions  of  aluminum 
are  now  made,  to  ensure  complete  dco.xidation  and  produce  sounder  castings." 

This  adverse  opinion  from  such  a  high  authority  as  Dr.  Richards  re- 
duces very  nearly  to  zero  the  chance  of  finding  by  the  use  of  aluminum 
the  desired  high-alloy  steel  for  bridgework,  notwithstanding  the  fact  that 
Mr.  LeConte  is  most  enthusiastic  in  his  prognostications  concermag  the 
success  which  would  attend  a  thorough  series  of  tests  of  that  alloy,  as  is 
evidenced  by  a  late  letter  of  his  to  the  author. 

The  follo'wnng  table  gives  a  record  of  tests,  furnished  through  the 
courtesy  of  Henry  W.  Hodge,  Esq.,  Consulting  Engineer,  of  the  nickel 
steel  which  he  used  in  his  St.  Louis  Free  Bridge.  At  the  right  of  it  are 
appended  the  averages  for  all  the  elastic  limits,  ultimate  strengths,  elonga- 
tions, reductions  of  area,  and  chemical  compositions  of  the  various  speci- 
mens and  full-size  bars  tested: 


TABLE  4d 
Specifications  for  Nickel  Steel  and  Average  Tests  of  Specimens  Thereof 


r 


Character  of 

Attribute 

Specified 

Specified  by 

Average 

Test  Piece, 

or 

by 

Author  in 

of  AU 

Etc. 

Constituent 

Mr.  Hodge 

Ni.  St.  for  Br. 

Tests 

Unannealed 

Elastic  Lim. 

55,000  lbs. 

60,000  lbs. 

60,250  lbs. 

Specimens 

Ultimate 

95,000  lbs.  to 
110,000  lbs. 

105,000  lbs.  to 
120,000  lbs. 

99,850  lbs. 

Elong.  in  8" 

16% 

15% 

17.9% 

Red.  of  Area 

25% 

33.3% 

Annealed 

Elastic  Lim. 

52,000  lbs 

— 

56,250  lbs. 

Specimens 

Ultimate 

90,000  to 
105,000  lbs. 

— 

91,960  lbs. 

Elong.  in  8" 

20% 

— 

22.6% 

Red.  of  Area 

35% 

— 

41.8% 

Full-size  Bars 

Elastic  Lim. 

48,000  lbs. 

49,500  to 
57,750  lbs. 

55,890  lbs. 

Ultimate 

85,000  to 
100,000  lbs. 

90,000  to 
105,000  lbs. 

91,020  lbs. 

Red.  of  Area 

35% 

— 

36.2% 

Elong.  in  18' 

10% 

10%  (in  10') 

14.4% 

Chemical 

Carbon 

0.45%  max. 

0.42%  max. 

0.38% 

Composition 

Phosphorus 

0.04%  max. 

0.03%  max. 

0.012% 

Sulphur 

0.04%  max. 

0.04%  max. 

0.03% 

Manganese 

0.7  %max. 

0.75%  max. 

0.58% 

Nickel 

3.25%  av. 

3.50%  av. 

3.45% 

The  preceding  table  will  give  a  means  of  comparing  the  characteristics 
of  the  nickel  steel  which  manufacturers  are  willing  to  furnish  with  those 
of  the  alloy  as  specified  by  the  author  in  ''Nickel  Steel  for  Bridges." 

In  respect  to  the  Elastic  Limit  (the  most  important  characteristic  of 
all,  in  that  it  determines  the  intensities  of  working  stresses,)  Mr.  Hodge 
specified  55,000  lbs.  per  square  inch  as  a  minimum  for  unannealed  speci- 
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mens,  as  against  the  author's  60,000,  while  the  tests  showed  an  average 
of  60,250,  with  63,940  as  the  highest  record  and  53,580  as  the  lowest. 
In  only  one  case  did  the  elastic  limit  fall  below  Mr.  Hodge's  minimum 
of  55,000  lbs. 

In  respect  to  the  ultimate  strength  of  unannealed  specimens,  Mr. 
Hodge  specified  95,000  lbs.  as  a  minimum  and  110,000  lbs.  as  a  maximum, 
as  against  the  author's  105,000  and  120,000  lbs.  respectively,  while  the 
tests  showed  an  average  of  99,850  lbs.,  with  109,150  as  the  highest  record 
and  91,600  as  the  lowest.  In  four  cases  only  did  the  ultimate  strength 
fall  below  Mr.  Hodge's  minimum,  of  95,000  lbs. 

In  respect  to  the  elongation  of  test  specimens  in  8  inches,  Mr.  Hodge 
specified  16%,  as  against  the  author's  15%,  while  the  tests  showed  an 
average  of  17.9%,  with  24%  as  the  highest  record  and  10%  as  the  lowest. 
In  four  cases  only  did  the  elongation  fall  below  Mr.  Hodge's  specified 
minimum  of  16%,  and  in  one  case  only  below  the  author's  minimum  of 
15%. 

In  respect  to  the  percentage  of  carbon,  in  no  case  did  the  quantity 
used  exceed  either  the  maximum  of  0.45%  specified  by  Mr.  Hodge  or 
that  of  0.42%  specified  by  the  author.  The  average  for  all  the  tests 
was  0.38% — the  exact  average  requirement  given  in  the  author's  specifi- 
cations. 

In  respect  to  the  percentage  of  phosphorus,  in  no  case  did  the  quantity 
recorded  exceed  either  Mr.  Hodge's  limit  of  0.04%  or  the  author's  of 
0.03%,  the  average  being  only  0.012%,  showing  that  the  steel  was  well 
purified  from  this  most  objectionable  ingredient. 

In  respect  to  the  percentage  of  sulphur,  in  no  case  did  the  quantity 
recorded  exceed  the  0.04%  specified  by  both  Mr.  Hodge  and  the  author, 
the  average  being  0.03%,  indicating  that  the  steel  was  satisfactorily  free 
from  this  impurity  also. 

In  respect  to  the  percentage  of  manganese,  the  records  show  that  the 
amounts  used  were  always  below  the  0.7%  specified  by  Mr.  Hodge  and 
the  0.75  specified  by  the  author,  the  average  being  0.58%.  It  is  probable 
that  the  use  of  ten  or  fifteen  more  points  of  manganese  would  have  strength- 
ened the  steel  materially  and  raised  its  elastic  limit  several  thousand 
pounds  without  inducing  any  objectionable  characteristics. 

In  respect  to  the  percentage  of  nickel,  in  no  case  did  the  record  show 
less  than  the  3.25%  minimum,  specified  by  both  Mr.  Hodge  and  the  author, 
or  exceed  the  latter's  specified  maximum  of  3.75%. 

In  respect  to  the  elastic  limit  for  full-size  eye-bars,  in  no  case  did  it 
fall  below  the  limit  of  48,000  lbs.  per  square  inch  specified  by  Mr.  Hodge; 
but  in  eight  instances  it  failed  to  come  up  to  the  author's  specified  require- 
ment, which,  by  the  way,  varies  inversely  with  the  thickness  of  the  bar. 

In  respect  to  the  ultimate  strength  of  full-size  eye-bars,  in  three  in- 
stances it  was  less  than  tiiat  specified  by  Mr.  Hodge;  and  in  most  cases 
it  was  well  below  the  author's  specification.     The  average  thickness  of 
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all  the  bars  is  1  ^%2",  for  which  the  latter  specification  would  call  for  an 
ultimate  strength  of  about  9G,000,  while  the  average  is  only  91,000  lbs. 

^^'ith  the  exception  of  one  bar  which  broke  in  the  h(>a(l,  all  the  bars 
compUed  easily  with  Mr.  Hodge's  specification  for  elongation. 

It  is  evident  by  the  preceding  deductions  from  the  tablo  that  the 
nickel  steel  furnished  for  the  Free  Bridge  at  St.  Louis  failed  to  come  up 
to  the  specifications  given  in  "Nickel  Steel  for  Bridges";  and  it  will  be 
interesting  to  surmise  as  to  what  should  have  been  done  to  it  in  order 
to  make  it  compl}'  therewith. 

First:  As  to  Plate-and-shape  Steel,  the  amount  of  nickel  employed 
was  just  right,  as  was  also  the  amount  of  carbon;  and  the  percentages 
of  the  impurities,  phosphorus  and  sulphur,  were  kept  downi  properly;  but 
the  average  for  manganese  was  twelve  points  too  low.  The  average  elastic 
limit  was  only  250  lbs.  above  the  author's  specified  minimum,  and 
the  average  ultimate  strength  was  some  5,000  lbs.  below  the  same.  While 
it  is  probable  that  the  addition  of  twelve  points  of  manganese  would  have 
brought  the  elastic  limit  nearly,  if  not  quite,  up  to  the  author's  require- 
ments, it  is  not  likely  that  it  would  have  done  so  for  the  ultimate  strength; 
hence  some  additional  treatment  would  have  been  necessary.  Possibly 
the  author's  requirement  for  minimimi  ultimate  strength  is  too  severe. 
It  makes  the  ratio  of  elastic  limit  to  ultimate  0.57,  while  Mr.  Hodge's 
corresponding  ratio  is  0.58,  which  coincidence  would  tend  to  show  that 
the  trouble  does  not  lie  in  that  requirement.  Probably  its  real  cause  is 
too  great  a  variation  in  the  values  of  both  the  elastic  limit  and  the  ulti- 
mate— especially  the  latter..  To  correct  this  objection  the  addition  of  a 
small  amount  of  titanium  to  the  molten  charge  would  likely  be  successful. 
Its  use  would  probably  increase  both  the  average  elastic  limit  and  the 
ultimate  a  few  thousand  pounds  each  and  make  the  product  much  more 
uniform.     The  experiment  is  well  worth  trying. 

Second:  As  to  Eye-bar  Steel,  the  amount  of  nickel  employed  falls 
short  of  the  author's  requirement  by  0.8%,  the  amount  of  carbon 
by  0.07%,  and  the  amount  of  manganese  by  0.22%.  If  these  de- 
ficiencies were  made  up,  it  is  more  than  likely  that  the  elastic  limit 
and  the  ultimate  strength  of  full-size  eye-bars  would  readily  comply  with 
the  author's  specifications — especially  if  a  little  titanium  were  added  to 
make  the  metal  uniform. 

Concerning  the  beneficial  effect  of  the  addition  of  titanium  to  steel, 
the  reader  is  referred  to  the  discussion  by  Monsieur  Petinot  of  the  au- 
thor's before-mentioned  paper,  "'The  PossibiUties  in  Bridge  Construction 
by  the  Use  of  High  Alloy  Steels,"  published  in  the  1915  Transactions  of 
the  American  Society  of  Civil  Engineers. 


CHAPTER  V 


DEAD    LOADS 


The  dead  load  for  any  bridge  usually  consists  of  the  weights  of  those 
parts  of  the  permanent  structure,  which  from  their  position  cause  stresses 
on  the  trusses  or  girders;  but  sometimes  an  extraneous  dead  load  is  al- 
lowed for,  such,  for  instance,  as  snow  or  an  accumulation  of  dirt,  or  a 
line  or  lines  of  pipe  for  water  or  gas,  or  an  extra  thickness  of  floor  plank, 
or  a  possible  future  pavement.  All  parts  of  the  structure  resting  directly 
upon  or  over  the  piers  are  to  be  omitted  when  figuring  the  dead  load, 
such,  for  instance,  as  pedestals,  end  floor-beams,  end  bents  in  deck  struc- 
tures, and  the  portal  bracing  when  the  end  posts  are  made  vertical  instead 
of  inclined. 

In  all  simple  span  trusses  the  dead  load  is  assumed  to  be  uniformly 
distributed  over  the  entire  lengih  of  span,  and  this  is  approximately  cor- 
rect; for  the  chords  are  heavy  at  the  middle  and  light  near  the  ends, 
while  the  web  is  the  reverse.  When  the  chords  are  parallel  the  assump- 
tion of  uniform  distribution  is  almost  exact,  but  in  long  spans  when  the 
top  chords  are  polygonal  the  web  is  not  much  heavier  at  the  ends  than 
it  is  at  the  middle;  but,  on  the  other  hand,  the  chords  are  more  nearly 
uniform  in  weight  from  end  to  end,  and  the  lateral  system  becomes  heavier 
as  the  ends  of  the  span  are  approached.  On  the  whole,  this  assumption 
of  uniform  distribution  of  dead  load  for  simple  truss  spans  is  exact  enough 
for  all  practical  purposes. 

But  in  the  case  of  cantilevers,  arches,  long  swing-spans,  bascule  bridges, 
and  some  other  unusual  types  of  structures,  the  dead  load  is  not  uniformly 
distributed  over  the  entire  span,  and  an  assumption  that  it  is  would  re- 
sult in  errors  too  large  to  be  permitted.  In  such  cases  it  is  first  nec- 
essary to  assume  the  various  panel  dead  loads,  then  design  the  bridge  and 
compute  them.  If  the  resulting  agreement  is  fairly  close,  well  and  good; 
but,  if  not,  new  dead  loads  are  to  be  assumed,  the  corresponding  stresses 
are  to  be  figured,  the  proportioning  of  parts  is  to  be  done  anew,  and  the 
resulting  dead  loads  are  to  be  computed.  The  second  set  of  calculations 
should  give  a  very  close  agreement;  but,  if  not,  the  work  must  be  gone 
through  again  with  a  third  assumption  of  dead  load  distribution.  In 
case  of  large  or  complicated  structures  it  is  best  in  figuring  dead  load 
stresses  to  adopt  the  unit  load  method  described  in  Chapter  X  in  order 
to  facilitate  the  recalculation. 

In  ordinary  spans  it  is  cu.stomary  to  assmne  that  two-thirds  (%)  of 
the  dead  load  are  concentrated  at  the  panel  points  of  the  lower  chords 
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in  through-bridges  and  at  those  of  the  upper  chords  in  deck  bridges;  and 
one-third  (3^)  of  the  dead  load  at  the  panel  points  of  the  upper  chords  in 
through-bridges  and  at  those  of  the  lower  chords  in  deck  bridges.  If  a  l)ridgc 
carrj'  a  very  hea\y,  paved  floor,  it  would  be  better  to  make  the  division 
three-quarters  (^)  and  one-quarter  (34) ;  and  in  some  extremely  long  spans 
it  might  be  better  to  assume  sixty  (60)  and  forty  (40)  per  cent;  but  this  divi- 
sion of  the  dead  load  is  not  an  important  matter,  as  it  affects  generally  only 
the  vertical  posts,  which  often  have  an  excess  of  section;  consequently 
any  error  in  truss  stresses  caused  bj^  an  improper  division  of  dead  loads 
above  and  below  need  cause  no  one  any  uneasiness. 

The  rule  given  in  the  specifications  of  Chapter  LXXVIII  is  that  after 
a  span  has  been  figured  and  the  assumed  dead  load  has  been  checked  by 
the  weights  obtained  from  the  diagrams  of  stresses  and  the  computations 
of  details,  if  there  prove  to  be  a  variation  exceeding  one  per  cent  of  the 
sum  of  the  equivalent  live  load,  the  impact  load,  and  the  actual  dead 
load,  the  stresses  and  the  proportioning  of  parts  are  to  be  calculated  again 
with  a  new  assumed  dead  load.  It  is  better  that  the  assumed  dead  load 
should  be  too  high  rather  than  too  low,  as  such  an  excess  tends  to  increase 
all  stresses  except  those  in  counters;  and  in  modern  bridge  designing  the 
latter  are  confined  to  cheap  highway  spans.  If  an  extra  large  dead  load 
is  assumed  so  as  to  provide  for  future  possibilities,  the  minimum  instead 
of  the  greatest  possible  dead  load  should  be  employed  in  figuring  counter 
stresses,  since  the  effect  of  the  dead  load  is  to  reduce  these. 

The  followdng  are  the  unit  weights  of  all  the  materials  that  ordinarily 
enter  into  the  construction  of  bridges: 

Creosoted  lumber,  from  four  and  one  half  (43^)  to  five  (5)  pounds  per 
foot  board  measure.  Oak  and  other  hard  woods,  excepting  those  from 
Australia  and  New  Zealand,  four  and  a  quarter  (434)  pounds  per  foot 
board  measure.  Some  varieties  of  Australian  timber,  used  occasionally  in 
bridge  floors  on  the  Pacific  Coast,  six  (6)  pounds  per  foot  board  measure. 
Yellow  pine,  three  and  three-quarters  (3%)  pounds  per  foot  board  measure. 
White  pine  and  other  soft  woods,  two  and  three-quarters  (2^)  pounds 
per  foot  board  measure. 

Rails  and  their  fastenings  for  first-class,  standard-gauge  railroads 
(both  steam  and  electric),  about  seventy  (70)  pounds  per  lineal  foot  per 
track.  If  the  rails  adopted  be  unusually  heavy^  or  unusually  light,  their 
exact  weight  (including  fastenings)  per  lineal  foot  per  track  should  be 
figured  and  used  when  computing  the  dead  load. 

Concrete,  from  one  hundred  and  forty  (140)  to  one  hmidred  and 
sixty  (160)  pounds  per  cubic  foot,  according  to  the  character  of  the  stone 
or  gravel  used  in  its  manufacture.  For  reinforced  concrete  five  (5)  pounds 
are  to  be  added  to  the  preceding  unit  weights. 

Asphalt  pavement,  including  lender,  one  hundred  and  twent.y  (120) 
povmds  per  cubic  foot. 

Brick  pavement,  one  hundred  and  forty  (140)  pound.s  \)vv  cubic  foot. 
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Steel,  four  hundred  and  ninety  (490)  pounds  per  cubic  foot. 

Earth  (used  as  a  covering  for  masonry  or  concrete  arches)  one  hundred 
(100)  pounds  per  cubic  foot. 

Broken  stone  for  ballasted  floors,  one  hundred  (100)  pounds  per  cubic 
foot. 

Snow,  compacted,  fifty  (50)  pounds  per  cubic  foot. 

Water  (carried  in  pipes),  sixty-two  and  a  half  (62.5)  pounds  per  cubic 
foot. 

In  computing  dead  loads  for  all  ordinary  bridges  the  weights  of  metal 
given  in  the  diagrams  of  Chapter  LV  will  be  found  of  great  assistance. 
In  the  case  of  cantilever  bridges,  the  probable  weight  of  metal  and  its 
distribution  can  be  ascertained  from  Chapter  XXV  as  well  as  from  the 
diagrams  of  Chapter  LV. 

In  assuming  dead  loads  for  arches,  the  information  given  in  Chapter 
XXVI  will  enable  one  to  estimate  pretty  closely  to  the  actual  dead  loads, 
but  the  computer  is  advised  to  study  the  question  very  carefully,  as  the 
weight  of  metal  in  any  arch  bridge  will  depend  considerably  upon  the  num- 
ber of  panels,  the  ratio  of  rise  to  span,  and  the  general  type  of  structure. 

In  suspension  bridges  it  will  be  necessary  to  know  the  weight  per 
lineal  foot  for  steel  cables  of  various  diameters.  While  these  vary  slightly 
in  different  makes  of  rope,  those  given  in  the  following  table  for  twisted 
cables  will  be  found  sufficiently  accurate  for  all  practical  purposes. 


TABLE 

5a 

w 

EIGHTS   OF 

Steel  Cables 

•iameter  of  Rope 

Weight  of  Rope  in 
Pounds  per  Lineal  Foot 

1" 

1.70 

IH" 

2" 

2.65 

3.82 
5.20 
6.80 

2M" 

2H" 
3" 

8.60 
10.62 
12.85 
15.30 

For  intermediate  diameters  the  weights  may  either  be  interpolated  or 
found  by  the  formula, 

W  =  1.7D\ 
where  W  is  the  weight  of  rope  in  pounds  per  Uneal  foot  and  D  is  its  diameter 
in  inches. 

In  a  cable  composed  of  straight  wires,  if  n  is  the  number  of  wires,  d 
the  diameter  of  each  wire,  and  D  the  diameter  of  the  rope. 


n  =  0.77 


m 


and  if  w  be  the  weight  per  lineal  foot  for  a  single  wire  and  W  the  weight 
per  lineal  foot  of  the  rope, 

W  =  nw  =  O.lliv  [-J  )• 
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There  is  another  loading  in  the  nature  of  a  dead  load  that  must  not 
be  omitted  from  consideration,  viz.,  the  uplift  loading  at  the  ends  of 
swing  spans,  producing  reverse  dead  load  stresses.  This  is  treated  at 
length  in  Chapter  LXXVIII,  to  which  the  reader  is  referred.  The  amounts 
of  uplift  there  given  are  as  great  as  the  usual  machinery  is  capable  of 
handling — possibly  sometimes  greater — for  in  a  well- designed  bridge  the 
assumed  height  of  the  uplift  at  either  end  of  span  should  be  made  a  trifle 
in  excess  of  the  rise  caused  by  the  greatest  possible  Uve  load,  with  its  im- 
pact included,  that  can  come  upon  the  other  arm.  The  reverse  dead  load 
stresses  throughout  each  arm,  due  to  uplift,  should  be  considered  only 
when  they  tend  to  augment  the  section  of  the  piece;  because,  although 
it  is  true  that  they  act  in  conjunction  with  the  live  load,  it  is  possible 
that  they  may  not  always  exist — at  least  not  to  the  extent  of  the  amounts 
computed. 


CHAPTER  VI 


LIVE   LOADS 


In  the  earlj^  daj^s  of  railway'  bridge  designing  the  Hve  load  adopted 
was  a  simple  uniform  advancing  load,  amounting  to  about  two  thousand 
(2,000)  pounds  per  lineal  foot.  This  was  soon  increased  to  a  long  ton  or 
two  thousand  two  hundred  and  forty  (2240)  pounds  per  lineal  foot.  The 
next  step  was  to  place  a  locomotive  at  the  head  of  the  train,  giving  the 
spacing  of  the  various  axles  and  the  loads  upon  them;  and  as  it  became 
customary  to  use  double  headers  to  haul  long  trains,  the  bridge  loadings 
were  soon  increased  by  providing  for  two  engines  in  advance  of  the  cars. 

Theodore  Cooper,  Esq.,  C.  E.,  was  one  of  the  first  engineers  to  estab- 
lish standard  live  loads  for  railway  bridges.  He  had  in  his  first  bridge  speci- 
fications three  classes  thereof,  as  follows: 

Class  A.  Two  consolidation  engines,  each  with  its  tender  being  about  fifty  (50)  feet  long 

and  weighing  85.5  tons,  followed  by  a  train  of  cars  weighing  3,000  lbs.  per 

Mneal  foot,  the  axle  loads  being  as  follows: 

Pilot 15,000  lbs. 

Drivers,  each 24,000  lbs. 

Tenders,  each 15,000  lbs. 

Class  B.  Two  consolidation  engines  of  hke  length  and  wheel  spacing,  each  with  its 

tender  weighing  80.5  tons,  followed  by  cars  weighing  2,240  lbs.  per  lineal  foot, 

the  axle  loads  being  as  follows: 

Pilot 15,000  lbs. 

Drivers,  each 22,000  lbs. 

Tenders,  each 14,500  lbs. 

Class  C.  Two  mogul  engines,  each  with  its  tender  being  about  forty-seven  (47)  feet 

long  and  weighing  71.5  tons,  followed  by  cars  weighing  2,000  lbs.  per  lineal 

foot,  the  greatest  axle  loads  being  as  follows: 

Pilot 15,000  lbs. 

Drivers 25,000  lbs. 

Tenders 13,500  lbs. 

These  live  loads  of  Mr.  Cooper's  have  been  gradually  increased  from 
time  to  time,  until,  in  1906,  his  heaviest  engine  and  tender  weighed  177.5 
tons,  the  corresponding  car  load  being  5,000  lbs.  per  lineal  foot  and  the 
axle  concentrations  as  follows: 

Pilot 25,000  lbs. 

Drivers 50,000  lbs. 

Tenders 32,500  lbs. 

The  example  set  by  Mr.  Cooper  was  quickly  followed  by  many  of  the 
railroad  companies,  which  established  standard  live  loads  of  their  own, 
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almost  no  two  boinp;  alike,  thus  causing;  infinite  labor  and  trouble  for  the 
computers  of  the  bridge  com})anies.  This,  however,  was  by  no  means 
the  limit  of  their  imposition,  for  soon  the  standard  specifications  called 
for  the  computations  of  stresses  for  two  alternative  loadings,  then  three, 
four,  and  in  some  extreme  case  five  slightly  different  live  loads.  The 
figuring  that  such  specifications  necessitated  was  enormous,  and,  more- 
over, it  was  useless;  for  a  single  live  load  would  have  answered  the  pur- 
pose just  as  well.  As  the  railroad  engineers  who  wrote  the  specifications 
very  seldom  did  any  of  the  computing  themselves,  they  did  not  recognize 
the  extent  to  which  they  were  imposing  absolutely  unnecessary  labor 
upon  the  engineering  profession,  or  else  they  were  indifferent;  for  not 
only  did  they  require  every  bridge  member  to  be  figured  for  each  engine 
load,  but  they  also  insisted  that  all  calculations  should  be  made  by  the 
so  called  "exact  method"  of  axle  concentrations;  of  which  more  will  be 
said  in  Chapter  X.  As  time  went  on  the  railroad  companies  kept  in- 
creasing the  weights  of  their  locomotives  and  trains,  and  the  standard 
bridge  specifications  had  constantly  to  have  their  five  loads  modified  to 
keep  pace  with  the  increase. 

In  1891,  1892,  and  1893  the  author  made  an  extended  investigation 
of  the  railway  live  load  question  by  a  systematic  correspondence  with 
the  chief  engineers  of  all  the  principal  railroads  of  the  United  States, 
Canada,  and  Mexico,  obtaining  a  consensus  of  opinion  by  several  letter 
ballots.  The  results  of  his  investigations  were  published  in  the  Trans- 
actions of  the  American  Society  of  Civil  Engineers  and  in  the  technical 
press;  and  they  evoked  considerable  discussion  in  the  latter.  All  of  these 
writings  and  discussions  have  been  collected  by  Mr.  Harrington  and 
pubhshed  in  his  book,  "Principal  Professional  Papers."  Even  while  this 
investigation  was  being  made  during  the  short  period  of  two  years,  it 
was  found  necessary  to  advance  the  live  loads,  as  can  be  seen  by  com- 
paring the  plates  opposite  pages  272  and  458  of  Mr.  Harrington's  book. 
From  these  it  will  be  noticed  that  the  tender  axle  loads  were  increased 
three  thousand  (3,000)  pounds  each,  and  another  standard  loading,  viz., 
Class  T,  was  added. 

The  result  of  the  two  years'  investigating  and  balloting  was  the  es- 
tabhshment  of  what  was  termed  "The  Compromise  Standard  System  ot 
Live  Loads  for  Railway  Bridges,"  which  is  reproduced  in  Fig.  6a.  An 
inspection  of  this  will  show  that  for  the  lightest  loading.  Class  Z,  the 
weight  of  one  engine  and  tender  was  ninety-three  and  one-half  (93.5) 
tons  and  the  car  load  was  three  thousand  (3,000)  pounds  per  lineal  foot, 
the  axle  loads  being  fifteen  thousand  (15,000)  pounds  for  the  pilot,  twenty 
five  thousand  (25,000)  pounds  for  the  drivers,  and  eighteen  thousand 
(18,000)  pounds  for  the  tenders.  For  the  heaviest  loading.  Class  T,  the 
weight  of  one  engine  and  tender  was  one  hundred  and  forty-four  and 
one-half  (144.5)  tons,  and  the  car  load  was  four  thousand  two  hundred 
(4,200)  pounds  per  lineal  foot,  the  axle  loads  being  twenty-one  thousand 
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(21,000)  pounds  for  the  pilot,  forty-three  thousand  (43,000)  pounds  for 
the  drivers,  and  twenty-four  thousand  (24,000)  pounds  for  the  tenders. 
There  were  also  alternative  loadings  for  short  spans  consisting  of  two 
heavy  axle  loads  spaced  seven  (7)  feet  centres,  and  varying  from  forty 
thousand  (40,000)  pounds  each  for  Class  Z  to  fifty-two  thousand  (52,000) 
pounds  each  for  Class  T.  These  live  loads  were  incorporated  in  the  fkst 
edition  of  De  Pontibus  (1898)  and  sufficed  until  1900,  when  the  author 
issued  his  book,  "Specifications  for  Steel  Bridges."  In  this  he  increased 
by  regular  gradations  of  axle  loads  the  number  of  standard  loadings  by 
adding  Classes  S,  R,  and  Q,  the  total  weight  of  one  engine  and  tender 
for  the  latter  being  one  hundred  and  seventy  (170)  tons,  the  car  load 
four  thousand  eight  hundred  (4,800)  pounds  per  lineal  foot,  the  pilot 
axle  load  twenty-four  thousand  (24,000)  pounds,  the  driver  axle  load 
fifty-two  thousand  (52,000)  pounds,  the  tender  axle  load  twenty-seven 
thousand  (27,000)  pounds,  and  the  alternative  axle  load  fifty-eight  thou- 
sand (58,000)  pounds.  These  heavier  standard  loadings  were  incorpo- 
rated in  the  second  edition  of  De  Pontibus,  which  was  issued  in  1903. 

About  this  time,  though,  certain  railroad  companies  in  order  to  make 
long  runs,  especially  through  the  arid  portions  of  the  Western  States,  in- 
creased the  capacities  of  their  tenders  for  both  coal  and  water,  and,  in 
consequence,  issued  new  live  load  diagrams  differing  from  both  those 
of  the  Compromise  Standard  and  the  standards  established  by  Mr.  Cooper 
in  his  various  bridge  specifications.  The  latter,  by  the  way,  differed  but 
slightly  from  those  of  the  Compromise  Standard,  the  principal  variation 
being  that  Mr.  Cooper's  axle  loads  were  all  multiples  for  the  different 
classes,  while  in  the  Compromise  Standard  the  axle  loads  varied  by  con- 
stant increments.  The  multiple  feature  is  a  slight  convenience,  mainly 
in  computing  the  equivalent  uniform  loads  and  the  total  end  shears.  The 
reason  that  it  was  not  adopted  for  the  Compromise  Standard  was  that 
it  would  not  fit  in  with  the  averages  deduced  from  the  ballots  voted  by 
the  chief  engineers  of  the  various  railroads. 

Of  late  years  the  tendency  has  been  to  increase  materially  the  weights 
of  engines,  tenders,  and  cars,  and  it  was  not  very  long  before  certain 
railroads  began  to  specify  live  loads  even  heavier  than  Waddell's  Class 
Q.  There  was  one  noticeable  feature  in  their  loadings,  however,  viz., 
that  the  total  lengths  of  locomotives  and  tenders  were  increased,  thus 
reducing  the  average  loads  per  lineal  foot  and  making  the  effective  increase 
in  live  loadings  more  apparent  than  real. 

In  1904  at  the  annual  convention  of  the  American  Society  of  Civil 
Engineers,  Henry  W.  Hodge,  Esq.,  C.  E.,  read  a  paper  on  "Live  Loads 
for  Railroad  Bridges'*;  and  it  was  largely  discussed  both  at  the  meeting 
and  subsequently.  The  paper  and  the  discussions  are  printed  in  Part 
A,  Vol.  LIV,  of  the  Society's  Transactions  for  1905.  Mr.  Hodge  recom- 
mended that  any  road  which  expects  to  do  an  ordinary  traffic,  or  to  carry 
the  freight  delivered  to  it  by  other  large  systems,  should  not  use  an  en- 
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^\no  load  haviiip:  loss  than  fifty  thousand  (50,000)  pounds  on  drivers,  fol- 
lowed by  a  car  lotid  not  less  than  live  thousand  (5,000)  pounds  per  lineal 
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Fig.  6a.     The  Compromise  Standard  System  of  Live  Loads  for  Railway  Bridges. 


foot.  He  stated  also  that,  in  his  opinion,  the  probable  limit  of  engine 
would  consist  of  locomotives  weighing  with  tender  about  two  hundred 
and  forty  (240)  tons  on  a  wheel  base  of  fiftv-two  (52)  feet  and  having 
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axle  loads  of  thirty-five  thousand  (35,000)  pounds  for  pilots,  seventy 
thousand  (70,000)  pounds  for  drivers,  and  forty-one  thousand  (41,000) 
pounds  for  tenders.  In  respect  to  car  loads  Mr.  Hodge  stated  that  while 
the  heaviest  loaded  coal  cars  weigh  four  thousand  (4,000)  pounds  per 
lineal  foot,  there  were  in  use  on  the  Monongahela  Connecting  Railroad 
of  Pittsburg  iron  ore  cars  weighing  when  loaded  seven  thousand  three 
hundred  (7,300)  pounds  per  lineal  foot.  Several  of  the  gentlemen  who 
discussed  the  paper  came  to  the  conclusion  that  a  live  load  involving 
fifty  thousand-  '(50,000)  pound  driver  axle  loads  and  car  loads  of  five 
thousand  (5,000)  pounds  per  lineal  foot  is  as  large  as  is  necessary  for 
railroad  bridges. 

Such  were  the  opinions  of  engineers  in  1904. 

In  the  summer  of  1907,  the  author,  in  order  to  obtain  the  latest  prac- 
tice concerning  railway  live  loads,  sent  to  the  chief  engineers  of  all  rail- 
roads in  the  United  States,  Canada,  and  Mexico,  having  a  mileage  of 
one  thousand  miles  and  upward,  the  following  letter: 

"We  are  about  to  make  some  investigations  concerning  bridges,  the  result  of  which 
it  is  our  intention  to  present  eventually  to  the  engineering  profession;  and  we  find  it 
necessary  for  our  purpose  to  collect  certain  data. 

"At  present  we  are  dealing  with  the  Uve  load  question;  and  we  should  like  to  obtain 
from  you  a  copy  of  the  standard  bridge  specifications  of  your  railroad,  containing  the 
live  load  diagram  that  you  employ. 

"We  should  be  pleased  to  know  whether  you  deem  your  standard  loading  heavy 
enough  for  the  future  as  well  as  for  the  present,  and,  if  not,  to  what  extent  you  think 
it  may  have  to  be  increased  during  the  next  ten  years." 

To  this  letter  there  were  received  replies  from  engineers  representing 
one  hundred  and  fifty  thousand  (150,000)  miles  of  line;  and  a  compen- 
dium and  digests  of  the  data  accumulated  were  made,  from  which  it 
was  seen  that  the  average  driver  axle  load  then  specified  by  the  leading 
American  railroads  was  fifty-one  thousand  one  hundred  (51,100)  pounds, 
and  the  average  car  load  four  thousand  nine  hundred  and  sixty  six  (4,966) 
pounds  per  lineal  foot.  About  twenty-five  (25)  per  cent  of  the  railroads 
that  replied  to  the  circular  were  contemplating  an  increase  in  their  speci- 
fied live  loads;  hence  it  is  evident  that  the  general  opinion  of  the  gentle- 
men who  discussed  Mr.  Hodge's  paper  concerning  the  sufficiency  of  a 
fifty  thousand  (50,000) -poimd  axle  load  was  incorrect,  and  that  Mr. 
Hodge's  suggestion  that  such  a  load  be  considered  as  a  minimum  is  justified. 

Some  interesting  deductions  were  made  from  this  compendium  con- 
cerning the  relative  values  of  the  various  axle  loads  and  the  car  loading 
per  lineal  foot.  Calling  the  driver  axle  load  unity,  the  average  pilot 
axle  load  is  0.47,  the  average  tender  axle  load  is  0.65  and  the  average 
car  load  per  lineal  foot  is  0.10. 

Based  upon  the  preceding  information  the  live  loads  tabulated  in  Fig. 
66  have  been  adopted  by  the  author  as  his  new  standard. 

It  will  be  seen  that  the  loads  for  the  different  classes  are  multiples  of 
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each  other.  This  method  was  iidopted  beeause  it  does  not  appear  to  con- 
flict materially  -with  the  present  average  practice  of  the  railroad  chief 
engineers,  and  because,  as  before  stated,  it  simplifies  the  preparation  of 
the  curves  of  equivalent  uniform  loads  and  total  end  shears.  The  pilot 
axle  load  has  been  made  fift}'  (50)  per  cent  of  the  driver  axle  load,  the 
tender  axle  load  has  been  made  seventy  (70)  per  cent  of  same,  and  the 
car  load  per  lineal  foot  ten  (10)  per  cent  thereof.  The  reason  for  using 
a  slightly  higher  per  cent  than  the  average  for  the  tender  loads  is  the 
fact  that  many  railroads  are  now  making  a  practice  of  attaching  heavy 
new  tenders  to  their  old  locomotives. 

The  new  standard  has  been  started  with  the  light  loading  of  Class 
40  as  an  accommodation  to  the  cheap,  new  railroads  of  the  West  that 
cannot  stand  the  expense  of  putting  in  heavy  bridges;  but  the  author 
is  advising  his  clients  not  to  use  any  lighter  load  than  Class  55,  especially 
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Fig.  66.     Live  Loads  for  Railway  Bridges. 


for  truss  bridges,  as  locomotives  of  that  weight  are  in  constant  use  on 
many  railroads.  The  new  standard  differs  from  that  of  Mr,  Cooper 
mainly  in  the  greater  tender  loads,  but  also  in  the  lengths  of  engines  and 
tenders  and  in  the  heavier  classes  adopted  for  future  possibilities.  The 
total  length  from  the  first  pilot  to  the  cars  is  only  one  foot  greater  than 
the  average  shown  on  the  digest  table  of  loadings.  This  increase  is  a 
move  in  the  right  direction  in  view  of  the  fact  that  the  present  tendency 
is  to  augment  the  lengths  of  both  locomotives  and  tenders  in  order  to 
accommodate  their  greater  weights. 

Figs.  6c,  6d,  and  6e  show  the  end  shears  and  the  equivalent  uniform 
live  loads  for  the  new  standard.  The  apparent  inconsistency  between  the 
readings  given  in  Fig.  Qd  and  those  in  Fig.  6e  for  100-foot  spans  is 
due  to  the  fact  that  the  equivalent  uniform  loads  for  plate-girder  spans 
were  computed  so  as  to  produce  the  correct  moment  at  mid-span;  while 
in  the  case  of  truss  spans  the  equivalent  uniform  loads  were  figured  so 
as  to  give  correct  moments  at  the  quarter  points,  calling  for  a  somewhat 
greater  load  per  foot  of  span.     For  further  explanation  see  Chapter  X. 
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In  the  author's  opinion,  it  is  not  hkely  that  much  heavier  loads  than 
Class  65  'svill  be  needed  at  all  generally  for  many  years.  He  is  also  of  the 
opinion  that  Class  70  approaches  closelj'-  the  practicable  limit  for  loco- 
motives, tenders,  and  trains  of  cars,  unless  the  gauge  of  railroad  be  in- 
creased; because  any  materially  greater  loading  would  be  decidedly  top- 
heavy  and,  therefore,  not  only  very  injurious  to  the  track  because  of 
sway  but  also  actually  dangerous  on  account  of  the  tendency  to  overturn. 


Fig.  6c. 
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The  preceding  paragraph  was  written  in  1909;  and  just  six  years 
later  an  opportunity  has  occurred  for  checking  its  correctness,  for  in  the 
March,  1915,  Bulletin  of  the  American  Railway  Engineering  Association 
there  is  a  timely  and  interesting  paper  on  "Heavy  Locomotive  Loadings" 
by  A.  C.  Ii-win,  Esq.,  C.  E.,  of  the  Engineering  Department  of  the  Chicago, 
Milwaukee,  and  St.  Paul  Railway.  In  it  he  gives  thirteen  examples 
of  the  heaviest  engine  loadings  per  rail  and  an  "equivalent"  comparison 


LIVE    LOADS 


105 


^^^tll  an  extension  of  Cooper's  "E  Loadings,"  showing  that  the  "Mallet 
Triplex"  loading  of  the  Erie  Railway  for  spans  of  about  100  feet  woukl 
just  reach  Class  E72,  that  the  Mallet  loading  of  the  Atchison,  Topeka, 
and  Santa  Fe  System  (Class  3,000)  equals  Class  E67  for  spans  ranging 
from  80  to  100  feet,  that  the  Mallet  loading  of  the  Chicago,  Burlington, 
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Equivalent  Uniform  Live  Loads  for  Plate-girder  Spans  of  Railway 
Bridges. 


and  Quincy  Railway  (Class  M2)  is  equivalent  to  Class  E66  for  spans 
of  35  to  45  feet,  that  two  other  Mallet  engine  loadings  are  equivalent  to 
Class  E65,  that  a  majority  of  the  loadings  equal  or  exceed  Class  EGO,  that 
all  but  one  exceed  Class  E55,  and  that  the  one  exception  is  equivalent  for 
short  spans  to  Class  E50.     This  shows  the  necessity  for  adopting  a  heavy 
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live  load  for  the  bridges  of  any  line  that  is  likely  ever  to  use  engines  of 
the  Mallet  type. 

As  the  live  loads  adopted  for  this  treatise  are  about  one  per  cent  heav- 
ier than  the  corresponding  live  loads  of  the  extended  Cooper  standard, 
it  is  evident  that  there  is  today  only  one  live  load  exceeding  the  author's 


Fig. 
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Class  70 — and  that  by  merely  one  per  cent  and  solely  for  spans  of  about 
one  hundred  feet.  It  must  be  remembered  that  as  yet  engines  of  the 
Mallet  tji^e  are  used  on  only  a  few  railroads,  and  not  man}-  of  them  give 
as  great  bending  moments  as  does  Class  65  of  the  live  loads  adopted  by 
the  author;   hence  his  prognostication  of  six  years  ago  has  been  verified. 
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In  double-track  bridges,  in  accordance  with  the  theory  of  probabili- 
ties, it  is  permissible  and  often  advisable  to  use  more  than  a  single  class 
of  live  load,  one  for  stringers,  a  lighter  one  for  floor-beams,  and  in  long 
spans  a  still  lighter  one  for  trusses.  The  reason  for  this  is  because,  while 
the  stringers  are  likely  to  receive  occasionally  the  heaviest  engine  loading, 
the  floor-beams  are  not  lial)le  to  have  to  support  more  than  once  in  a 
great  while  two  such  engines  with  their  wheels  in  the  worst  possible  posi- 
tion; and  because,  while  a  train  on  one  track  as  heavy  as  the  standard 
Uve  load  is  a  bare  possibility,  such  a  train  on  each  track  is  a  condition 
that  will  probably  never  exist,  and  the  longer  the  span  the  greater  will 
be  the  variation  between  the  actual  greatest  loading  and  that  composed 
of  the  two  standard  live  loads. 

Not  many  years  ago  but  little  or  no  attention  was  paid  to  live  loads 
for  street  railways  on  bridges,  as  the  cars  were  so  short  and  light  that  their 
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weight  did  not  exceed  that  of  a  very  heavy  wagon,  and  was  much  less 
than  that  of  a  road-roller.  In  those  days  the  usual  way  to  provide  for 
the  carrying  of  a  street  railway  over  a  highway  bridge  was  to  double 
the  joists  beneath  the  rails.  Today  the  circumstances  are  quite  differ- 
ent, for,  since  the  advent  of  electric  railroads,  the  street  railway  live  loads 
have  been  steadily  on  the  increase;  and  now  there  are  in  use  cars  about 
sixty  feet  long  that  will  weigh  when  fully  loaded  one  hundred  and  twenty- 
five  thousand  (125,000)  pounds,  or  about  two  thousand  (2,000)  pounds 
per  lineal  foot.  In  order  to  accommodate  all  tj^es  of  street  railways 
and  interurban  roads  the  author  has  adopted  the  standard  live  loads 
for  bridges  carrjdng  electric  railwa3^s  shown  in  Fig.  6/. 

These  six  classes  ought  to  suffice  for  many  years  to  come;  for,  as  far 
as  the  author  knows,  there  are  no  city  or  suburban  railway  cars  in  exis- 
tence which,  when  fully  loaded,  will  quite  come  up  to  Class  35.  As  for 
the  number  of  cars  per  train,  it  is  assumed  that  it  is  either  limited  to  two 
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or  that  it  is  a  matter  to  be  decided  for  each  indi\adual  case  as  it  arises. 
Under  no  condition  should  the  number  be  less  than  two,  and  it  is  im- 
probable that  it  would  ever  reach  as  high  as  six,  consequently  the  diagram 
of  equivalent  uniform  loads  for  each  class  has  been  figured  for  two,  three, 
four,  five,  and  six  cars  in  the  train.  These  curves  are  shown  in  Figs. 
Qg  to  6n  inclusive. 

The  lack  of  agreement  between  the  readings  given  in  Fig.  Qh  and 
those  in  Figs.  Qi,  Qj,  Qk,  Ql,  Qm  and  Qn  for  100-foot  spans  is  accounted 
for  by  the  difference  in  the  methods  of  computing  equivalent  uniform 
live  loads,  as  explained  previously  in  this  chapter  in  the  case  of  steam 
railway  loadings  and  also  in  Chapter  X. 

Live  loads  for  highway  bridges  usually  consist  of  so  many  pounds  per 
square  foot  of  floor  with  an  alternative  loading  (that  seldom  affects  more 
than  the  floor  system  and  the  primary  truss  members)  consisting  of  a 
road-roller,  a  traction  engine,  or  a  very  heavily  loaded  motor  wagon  or 
lorry. 

For  many  years  it  has  been  conceded  that  the  greatest  Uve  load  which 
can  come  upon  a  highway  bridge  consists  of  a  crowd  of  people.  Such 
a  crowd  collected  promiscuously  is  not  likely  to  weigh  more  than  eighty 
(80)  pounds  per  square  foot  of  floor,  but  an  unusual  jam  might  easily 
increase  it  to  one  hundred  (100)  pounds,  or  even  more.  A  number  of 
experiments  have  been  made  to  ascertain  what  weight  of  men  could  be 
crowded  into  a  limited  area.  Old  experiments  gave  loads  varjdng  from 
eighty-four  (84)  to  one  hundred  and  twenty  (120)  pounds  per  square  foot; 
but  some  modern  ones  show  much  higher  results,  reaching  in  one  case 
to  about  one  hundred  and  eighty  (180)  pounds.  Considering  the  fact 
that  for  reasons  involving  personal  comfort,  people  will  not  permit  them- 
selves to  be  crushed  in  a  crowd,  it  is  evident  that  in  determining  live 
loads  for  highway  bridges  there  is  no  necessity  for  assuming  extraordinary 
conditions  which  are  extremely  unlikely  to  exist.  Moreover,  it  must  be 
remembered  that  with  a  densely  packed  crowd  of  people  there  will  be 
little  or  no  impact,  owing  to  the  fact  that  the  motion  of  such  a  concourse 
is  either  very  small  or  practically  nil.  As  modern  bridge  designing  in- 
volves almost  universally  the  addition  to  the  assumed  live  loads  of  a  variable 
allowance  for  impact,  which  in  the  case  of  very  short,  narrow  highway 
spans  amounts  to  about  sixty  (60)  per  cent,  it  is  evident  that  the  ignoring 
of  excessively  heavy  crowds  of  people  in  proportioning  bridges  is  perfectly 
legitimate.  Again,  in  bridge  designing  the  theory  of  probabilities,  or,  in 
other  words,  sound  common  sense,  must  be  employed  when  specifying  live 
loads;  for  it  is  evident  that  a  long  span  is  not  so  likel}^  to  be  loaded  to 
the  limit  as  is  a  short  one,  and  that  the  longer  the  span  the  smaller  should 
be  the  live  load  per  square  foot  of  floor  adopted.  Should,  in  any  extreme 
and  unusual  case,  the  s])ecified  live  load  l)e  exceeded  somewhat,  no  harm 
would  be  done,  as  the  result  would  simply  be  a  short-lived  encroachment 
on  what  used  to  be  termed  the  "factor  of  safety." 
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The  uniformly  distrilnitod,  highway,  Uve-loads  adopted  for  the  speci- 
ficatioiis  of  this  treatise,  given  in  Fig.  Go,  are  those  of  Waddell's  De  Pon- 
tibus.  They  vary  for  Class  A  from  one  hundred  and  twenty  (120)  pounds 
per  square  foot  of  floor  in  very  short  spans  to  sixty  (60)  pounds  per  same 
in  spans  of  seven  hundred  and  fifty  (750)  feet.     The  corresponding  loads 
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Fig.   6o.     Uniformly  Distributed  Live  Loads  for  Highway  Bridges. 

for  Class  B  are  one   huncked  (100)  pounds  and  fifty  (50)  pounds;    and 
those  of  Class  C  eighty  (80)  pounds  and  forty  (40)  pounds. 

Some  people  have  an  idea  that  a  herd  of  cattle  will  w^eigh  more  per 
square  foot  of  space  covered  than  a  crowd  of  people,  but  such  is  not  the 
case,  as  the  actual  limit  for  the  former  is  about  sixty  (60)  pounds  per 
square  foot.  However,  the  impact  from  cattle  is  likely  to  exceed  that 
from  people.  The  greatest  impact  comes  from  soldiers  marching  in  uni- 
son, and  this  is  so  well  known  that  in  crossing  bridges  they  are,  by 
army  regulations,  made  to  break  step.  As  soldiers  marching  in  time  are 
never  crowded  closely,  it  is  evident  that  their  load  with  its  impact  can 
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never  be  injurious  to  any  well-proportioned  highway  structure,  unless  it 
be  a  suspension  bridge  in  which  the  rhythm  might  induce  excessive  oscil- 
lation. This  matter  of  impact  will  be  treated  fully  in  the  next  chapter. 
Until  recent  years  the  concentrated  live  loads  for  highway  bridges 
consisted  only  of  those  from  road  rollers,  traction  engines,  or  heavily 
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Fig.  6p.     Road  Roller  and  Motor  Truck  Loadings  for  Highway  Bridges 

loaded  wagons,  but  today  the  most  important  of  all  is  that  from  inotor- 
trucks  or  lorries.  Ahnost  all  of  the  old  highway  bridges  are  incapable 
of  carrying  these  new  live  loads  with  safety.  In  Engineering  News  of 
September  3,  1914,  there  is  a  paper  by  Messrs.  Manville  and  Gastmeyer 
in  which  is  given  much  valuable  information  on  the  subject.  In  it  atten- 
tion is  called  to  the  fact  that,  even  if  truck-loadings  are  apparently  not 
as  great  as  those  caused  by  road-rollers,  their  effects  are  more  destructive 
because,  on  account  of  their  high  passing  speed,  they  mvolve  much  more 
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impact  than  tho  road-rollers  do  with  their  slow  motion.  These  gentle- 
men assume  an  impact  of  twenty-five  per  cent  for  road-rollers  and  from 
forty  to  fifty  per  cent  for  trucks.  The  author  is  of  the  opinion  that  the 
road-roller  cannot  produce  any  appreciable  impact  because  of  its  extremely 
slow  speed,  but  it  might  occasion  a  slight  jar  by  rolling  over  an  obstacle 
too  large  to  be  crushed  or  chiven  into  the  floor.  As  explained  fully  in  the 
following  chapter  and  in  the  specifications  of  Chapter  LXXVIU,  there  is 
no  impact  allowance  at  all  for  road  roller  loadings.  The  impact  assumed 
for  trucks  by  Messrs.  ]\Ianville  and  Gastmeyer  checks  very  closely  with 
the  formula  for  highway  bridge  impact  adopted  in  this  treatise. 

Fig.  6p  shows  the  three  classes  of  road-roller  and  truck  loadings  adopted 
as  the  author's  standard. 

In  Chapter  LXXVIII  are  given  specifications  as  to  how  five  loads 
on  sidewalks  of  highway  bridges  are  to  be  treated.  The  rules  there  laid 
down  are  based  upon  the  theory  of  probabilities;  for  while  one  sidewalk 
of  a  short  span  (or  a  panel  or  two  thereof  in  a  long  span)  might  be  fully 
loaded  simultaneously  with  the  main  roadway  while  the  opposite  side- 
walk is  empty,  such  a  combination  of  circumstances  is  not  at  all  hkely 
to  occm*  for  any  great  length  of  structure. 

The  subject  of  combining  for  any  one  bridge  live  loads  caused  by  the 
various  kinds  of  loading  is  treated  in  Chapter  XIIL 
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To  the  eminent  American  bridge  engineer,  C.  C.  Schneider,  Esq., 
Past  President  of  the  American  Society  of  Civil  Engineers,  is  due  the 
method  of  proportioning  bridge  members  for  the  impact  produced  upon 
them  by  rapidly  moving  loads.  It  was  in  1887  that  he  wrote  his  bridge 
specification  for  the  Pencoyd  Iron  Company,  in  which  he  increased  the 
live  load  by  using  an  impact  formula,  and  then  allowed  the  same  unit 
stresses  for  both  live  and  dead  loads.  This  is  the  only  truly  scientific 
and  correct  method  of  designing  bridges.  It  is  more  accurate  than  any 
other,  the  degree  of  accuracy  attainable,  of  course,  being  dependent  upon 
the  amount  of  study  given  to  the  action  of  spans  and  their  members  under 
live  loads  passing  at  various  velocities. 

Mr.  Schneider's  formula  was, 

_      300 
^  ~  L  +  300' 

where  7  is  the  coefficient  for  impact  and  L  is  the  length  in  feet  of  the 
portion  of  the  span  covered  by  the  moving  load  when  the  member  under 
consideration  receives  its  greatest  live-load  stress.  If  we  make  L  =  0 
in  the  eciuation,  I  will  equal  unity.  This  is  in  accordance  with  the  well- 
known  principle  that  a  load  suddenly  applied  from  rest  produces  twice 
the  effect  of  the  same  load  applied  statically.  This  impact  formula  of 
Mr.  Schneider's  is  widely  used  even  today  when,  from  nmnerous  experi- 
ments, it  is  known  to  give  results  too  small  for  short  spans  and  too  great 
for  long  ones. 

The  history  of  the  evolution  of  the  determination  of  impact  is  as 
follows : 

In  the  resum^  of  the  discussions  of  his  paper  on  "Some  Disputed 
Points  in  Railway  Bridge  Designing,"  written  in  1891  and  published  in 
the  Transactions  of  the  American  Society  of  Civil  Engineers  for  1892, 
the  author  wrote  thus  under  the  heading  "  Intensities  of  Working  Stresses" : 

"In  respect  to  this  subject  it  appears  that  we  are  all  at  sea;  and  we  are  liable  to 
remain  there  until  such  time  as  the  much  needed  experiments  on  actual  intensities  of 
working  stresses,  that  I  have  been  advocating  for  years,  be  made,  after  which  we  shall  be 
able  to  settle  upon  a  system  of  intensities  that  will  be  logical.  Meanwhile  we  shall  have 
to  jog  along  in  the  best  way  that  we  can,  letting  each  engineer  use  his  own  judgment 
concerning  the  intensities  to  employ,  or  perhaps  (which  is  the  best  thing  to  be  done 
under  the  circumstances)  obtain  a  consensus  of  opinion  as  to  what  system  to  adopt  for  a 
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temporary  expedient.  The  method  adopted  by  Mr.  Schneider,  of  reducing  all  live-load 
stresses  to  thoir  equivalont  static  stresses  before  applying  a  constant  intensity,  is  un- 
doubtedly the  scientific  way  to  proportion  bridges;  but  until  we  have  some  real  knowl- 
edge of  the  otTects  of  dynamically  applied  loads,  it  docs  not  seem  advisable  to  develop  a 
''vstem  that  in  all  probabihty  will  have  to  be  considerably  motlified  in  the  future. 

"It  would  not  be  such  an  immense  imdertaking  to  make  an  exhaustive  series  of 
tests  of  the  effects  of  live  loads  applied  to  bridge  members  with  varying  velocities. 
Perhaps  a  year's  time  and  an  expenthture  of,  say,  $50,000  would  suffice.  If  not,  more 
time  and  money  should  not  be  begrudged  upon  such  an  important  matter.  The  United 
States  Ciovermnent  is  wilUng  to  appropriate  annually  millions  of  dollars  for  the  United 
States  Engineers  to  use  in  experiments  upon  hydraulic  problems.  Why  cannot  the 
bridge  engineers  and  the  raih'oads  obtain  from  Congress  a  small  appropriation  to  decide 
one  of  the  most  vital  questions  in  bridge  building?  If  the  United  States  Government 
refuse  to  make  such  an  appropriation,  cannot  one  of  America's  millionaires  be  persuaded 
to  donate  the  money  as  a  contribution  to  applied  science? 

"In  mj'  opinion  the  proper  steps  to  take  after  obtaining  the  money  would  be  as 
follows : 

"First. — To  appoint  a  committee  of  seven  members  of  the  American  Society  of 
Civil  Engineers,  who  are  acknowledged  bridge  experts,  to  act  as  an  advisory  board, 
and  let  them  lay  out  the  series  of  tests  (to  be  modified  later  if  they  should  think  ad- 
visable), appoint  a  committee  of  three  well-paid  expert  bridge  engineers  to  make  the 
tests  under  their  instructions,  attend  to  all  payments  of  money,  make  arrangements 
with  raih'oad  companies  for  the  use  of  their  lines  and  bridges  in  making  the  tests,  etc. 

"The  first  practical  step  to  take  would  be  to  investigate  aU  the  machines  thus  far 
invented  for  measuring  extensions  and  compressions  in  bridge  members,  so  as  to  decide 
upon  what  kind  of  apparatus  to  adopt,  or  to  design  new  ones  if  necessary.  These 
machines  shoidd  be  tested  thoroughly  to  determine  their  accuracy  as  far  as  static 
loads  are  concerned  and  to  prove  their  rehabiUty  in  case  of  dynamicaU}-  apphed  loads. 
After  the  machines  are  shown  to  be  satisfactory,  experiments  should  be  begim  system- 
atically upon  all  parts  of  bridges  of  modem  design,  with  trains  varying  in  velocity  from 
zero  to  the  gi'eatest  attainable  speed.  Sufficient  tests  of  all  kinds  should  be  made  to 
give  good  average  results.  Both  tension  and  compression  members  should  be  experi- 
mented upon,  and  if  the  machines  prove  to  be  very  accurate,  even  such  intricate  problems 
as  the  distribution  of  stress  in  plate  girders  might  be  solved.  This  field  of  experiment 
is  most  inviting,  especially  because  of  the  great  utihty  of  the  results;  hence  there  would 
be  no  difficulty  in  obtaining  an  expert  committee  to  make  the  tests.  Mr.  Wolfel's 
remarks  on  the  subject  of  measuring  the  actual  intensities  of  working  stresses  are  most 
interesting,  and  are  worthy  of  a  careful  perusal." 

Again,  in  1896,  when  preparing  the  introductory  chapter  of  De  Pon- 
tibus,  the  author  wrote  thus: 

"The  uncertainty  as  to  the  magnitude  of  the  effect  of  impact  on  bridges  has  for 
many  years  been  a  stumbling-block  in  the  path  of  systemization  of  bridge  designing,  and 
will  continue  to  be  so  imtil  some  one  makes  an  exhaustive  series  of  experiments  upon  the 
actual  mtensities  of  working  stresses  on  all  main  members  of  modern  bridges  of  the 
various  types.  The  making  of  these  experiments  has  long  been  a  dream  of  the  author's, 
and  it  now  looks  as  if  it  would  amount  to  more  than  a  mere  dream ;  for  the  reason  that 
the  general  manager  of  one  of  the  principal  Western  railroads  has  agi'eed  to  join  the 
author  in  the  making  of  a  number  of  such  e-xjieriments  on  certain  bridges  of  the  author's 
designing,  the  railroad  company  to  furnish  the  train  and  all  facilities,  and  the  general 
manager  and  the  author  to  provide  the  apparatus  and  experimenters.  It  is  only  lack 
of  time  that  has  preventetl  the.se  experiments  from  being  made  this  year,  and  it  is  ex- 
pected that  they  will  be  finished  in  1808.     It  is  hoped  that  the  result  of  the  experiments 
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will  be  either  to  determine  a  proper  formula  or  curve  of  percentages  of  impact  for  railroad 
bridges,  or  else  to  inaugurate  a  series  of  further  experiments  that  will  determine  it. 

"Meanwhile  the  author  has  adopted  temporarily  the  formula  given  in  Chapter 
XIV.,  viz., 

40,000 


7  = 


L  +500 


in  which  /  is  the  percentage  for  impact  to  be  added  to  the  live  load,  and  L  is  the  length 
in  feet  of  span  or  portion  of  span  that  is  covered  by  the  said  load. 

"This  formula  was  established  to  suit  the  average  practice  of  half  a  dozen  of  the 
leading  bridge  engineers  of  the  United  States,  as  given  in  their  standard  specifications, 
and  not  because  the  author  considers  that  it  will  give  truly  correct  percentages  for 
impact. 

"In  spite  of  all  that  has  been  said  to  the  contrary  in  the  past  or  that  may  be  said 
in  the  future,  the  impact  method  of  proportioning  bridges  is  the  only  rational  and 
scientifically  practical  method  of  designing,  even  if  the  amounts  of  impact  assumed 
be  not  absolutely  correct,  for  the  said  method  carries  the  effect  of  impact  into  every 
detail  and  group  of  rivets,  instead  of  merely  affecting  the  sections  of  the  main  members, 
as  do  the  other  methods  in  common  use. 

"The  assumption  made  in  some  specifications  that  the  live  load  is  always  twice 
as  important  and  destructive  as  the  dead  load,  irrespective  of  whether  the  member 
considered  be  a  panel  suspender  or  a  bottom  chord-bar  in  a  five-hundred-foot  span,  is 
absurd,  and  involves  far  greater  errors  than  those  that  would  be  caused  by  any  in- 
correctness in  the  assumed  impact  formula. 

"The  author  acknowledges  that  he  anticipates  finding  the  values  given  by  the 
formula  somewhat  high;  but  it  must  be  remembered  that  the  said  formula  is  intended  to 
cover  in  a  general  way,  also,  the  effects  of  small  variations  from  correctnesp  in  shop 
work,  or  to  provide  for  what  the  noted  bridge  engineer,  the  late  C.  Shaler  Smith,  used  to 
term  the  factor  of  ignorance." 

The  series  of  experiments  mentioned  in  this  last  quotation,  unfor- 
tunately, failed  to  materialize,  owing  to  the  death  of  the  railroad  man- 
ager who  was  to  join  in  the  investigation. 

A  few  years  later  the  author,  when  examining  a  large  number  of 
bridges  on  the  International  and  Great  Northern  Railway  of  Texas,  took 
advantage  of  the  opportunity  to  measure  the  deflection  of  numerous  spans 
under  live  loads  at  different  velocities.  He  had  prepared  for  the  purpose 
a  home-made  defiectometer  of  rather  crude  design  and  operated  by  hand, 
but  quite  satisfactory  in  respect  to  recording.  Unfortunately,  he  was 
not  possessed  of  an  extensometer.  As  long  ago  as  1885,  when  in  Japan, 
he  had  designed  and  manufactured  one  in  the  shops  of  the  Imperial  Uni- 
versity at  Tokyo;  but  it  did  not  record  satisfactorily,  owing,  undoubtedly, 
to  defects  in  design  as  well  as  to  crudeMiess  in  workmanship. 

The  International  and  Great  Northern  Railway  spans  tested  varied 
in  length  from  about  fifty  feet  to  two  hundred  feet,  and  the  impact  per- 
centages on  the  spans  as  a  whole  were,  in  general,  from  fifty  to  twenty 
per  cent.  The  author  had  at  his  disposal  a  train  consisting  of  a  large 
locomotive,  a  heavily  loaded  freight  car,  and  a  caboose.  From  this  series 
of  tests  he  learned  that,  except  in  the  case  of  comparatively  short  girders, 
for  any  particular  span  and  any  particular  loading  there  is  a  velocity  of 
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train,  less  than  the  greatest  attainable,  which  gives  maximum  impact  ef- 
fect. He  learned  also  a  very  curious  fact,  viz.,  that  for  identical  super- 
structiu-es  the  amount  of  impact  is  dependent  upon  the  character  of  the 
supporting  piers.  This  he  discovered  accidentally  thus:  There  were  at 
various  places  on  the  line  a  large  number  of  159-ft.,  pin-connected  spans 
built  exactly  alike,  and  he  had  tested  several  of  them  by  deflection,  find- 
ing in  each  case  almost  exactly  twenty  per  cent  for  the  maximum  impact. 
When  he  was  just  about  to  complete  his  field  work  by  inspecting  a  long 
bridge  containing  several  spans  of  cUfferent  lengths  supported  on  cyhnder 
piers,  he  found  that  he  had  some  spare  time  while  waiting  for  a  passing 
train,  and  as  there  were  two  of  the  said  159-ft.  spans  in  the  structure,  he 
occupied  himself  by  measuring  the  deflection  of  one  of  them.  Much  to 
his  surprise  he  found  an  impact  of  forty  per  cent,  and  thinking  that  there 
must  be  some  mistake  in  his  record,  he  tried  again  and  discovered  the 
same  result.  Not  content  with  the  showing  thus  obtained,  he  moved  the 
apparatus  to  the  other  identical  span  and  found  forty  per  cent  once  more. 
Suddenly  it  da^^Tied  upon  him  that  all  the  similar  spans  tested  previously 
had  been  supported  upon  stone-masonry  substructure;  and  from  that 
fact  he  concluded  that  the  greater  impact  he  was  finding  must  be  caused 
by  the  flimsiness  and  the  vibratory  character  of  the  small  cylinder  piers. 
This  confirmed  him  in  an  opinion  which  he  had  long  held  and  expressed, 
viz.,  that  ordinary  cylinder  piers  are  unfit  for  the  substructure  of  railroad 
bridges. 

No  action  of  any  importance  was  taken  in  America  to  study  system- 
atically the  question  of  impact  on  railroad  bridges  until  1907,  when  the 
American  Railway  Engineering  Association  appointed  a  committee  to 
make  a  thorough  investigation  of  it,  although  some  desultory  experiments 
like  those  of  the  author  had  been  made  from  time  to  time  by  a  few  Amer- 
ican and  European  engineers.  The  committee  referred  to  issued  its  re- 
port in  1911,  inthcating  that  it  had  exj^erimented  upon  21  plate-girder 
spans  up  to  100  ft.  in  length  and  upon  24  truss  spans  from  100  to 
250  ft.  in  length,  using  generally  enough  loaded  cars  to  cover  the  span 
tested,  and  employing  speeds  from  ten  to  sixty  miles  or  more  per  hour. 
From  that  report  are  taken  the  following  statements  and  conclusions,  but 
as  the  author  has  condensed  them,  they  will  not  usually  be  printed  with 
quotation  marks: 

For  speeds  under  ten  (10)  and  even  fifteen  (15)  miles  per  hour  the 
recorded  impact  was  practically  zero.  This  information  should  have  a 
large  money  value  for  railroad  companies;  because  it  has  hitherto  been 
the  custom,  when  placing  a  slow  order  upon  a  bridge  of  doubtful  carrying 
capacity,  to  limit  the  speed  to  four  or  five  miles  per  hour.  By  changing 
this  Umit  to  twelve  or  fifteen  (or  say  ten,  so  as  to  provide  for  possible 
breaches  of  the  rule)  much  time  could  be  saved  for  all  trains— and  in 
railroad  operation,  as  in  most  other  kinds  of  business,  "  time  is  money." 

The  chief  factors  in  causing  impact  are  unbalanced  locomotive  drivers, 
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rough  and  uneven  track,  flat  or  irregular  wheels,  eccentric  wheels,  rapidity 
of  application  of  load,  and  deflection  of  beams  and  stringers.  The  term 
impact  very  properly  was  considered  by  the  committee  to  include  any 
effect  of  the  moving  load  which  results  in  stresses  exceeding  the  static 
stresses.  With  the  track  and  the  rolling  stock  in  good  shape,  the  chief 
cause  of  impact  is  the  unbalanced  condition  of  the  drivers  of  the  ordinary 
locomotive.  This  condition  does  not  exist  in  the  balanced  four-cyhnder 
locomotives  or  in  electric  locomotives. 

The  committee  corroborated  the  fact  discovered  long  ago  by  the  late 
Prof.  S.  W.  Robinson  that  the  maximum  impact  on  a  bridge  is  dependent 
upon  how  its  normal  rate  of  vibration  coincides  with  the  times  of  the 
series  of  impulses  from  the  unbalanced  driver  loads.  Such  cumulative 
effect  of  impulses  cannot  occur  for  bridges  of  very  short  span-length,  be- 
cause the  normal  rate  of  vibration  of  such  structures  is  higher  than  the 
rate  of  rotation  of  the  drivers  at  the  highest  practicable  speeds.  It  does 
occur  in  spans  as  short  as  seventy-five  feet.  The  speed  at  which  the 
impulses  referred  to  show  a  cumulative  effect  are  termed  the  critical  speed ; 
and  it  is  this  speed  which  produces  the  greatest  impact  on  the  span.  The 
time  of  vibration  of  any  span  is  given  by  the  formula, 


^=\/     p 


(W-{-P)d, 


in  which   T  =  time  of  vibration  of  loaded  structure  in  seconds; 
W  =  dead  load  per  foot,  assumed  as  uniform; 
P  =  live  load  per  foot,  assumed  as  uniform; 
d  =  static  deflection  in  feet  due  to  load  P,  as  determined  by 
direct  measurement. 

The  critical  speeds  observed  agreed  very  well  with  those  calculated 
by  the  formula,  varying  from  65  miles  per  hour  for  60-ft.  spans  to  25 
miles  per  hour  for  a  300-ft.  span  and  to  20  miles  per  hour  for  a  440-ft. 
span.  They  corroborated  the  results  of  the  author's  experiments  on  the 
International  and  Great  Northern  Railway  bridges,  in  which  he  found 
for  spans  of  150  or  160  ft.  critical  speeds  of  35  or  40  miles  per  hour. 

The  committee  noted,  as  the  author  anticipated  many  years  ago,  that 
the  impact  on  the  main  members  of  a  span  is  greater  than  that  upon  the 
structure  as  a  whole,  or,  in  other  words,  the  extensometer  measurements 
gave  somewhat  larger  results  than  the  deflectometer  measurements.  Fig. 
7a  records  the  greatest  percentages  of  impact  found  for  the  various  spans 
tested  by  the  committee.  It  gives  also  two  suggested  impact  curves  and 
the  formulae  from  which  they  were  computed,  viz., 
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The  author  has  taken  the  liberty  of  recording  upon  the  same  diagram 
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a  curve  of  impact  for  single  track  steam  railway  bridges,  computed  by  a 
formula  which  he  has  evolved,  viz., 
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This  formula  is  discussed  further  on  in  this  chapter. 

The  committee  noted  that  a  wide  spacing  of  stringers  caused  the  ties 
to  afford  a  cushioning  effect  which  reduced  materially  the  impact  as  com- 
pared wdth  that  given  by  a  solid  steel  floor  or  by  a  floor  in  which  the  rails 
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are  carried  either  directly  over  the  stringers  or  are  attached  without  any 
intermediary'  to  closely  spaced  steel  cross-girders.  They  found  also  that 
the  effect  of  a  ballasted  floor  in  reducing  shock  was  even  more  marked 
than  that  of  wide  stringer  spacing. 

The  committee  summarized  the  results  of  its  work  as  follows: 

"(1.)  With  track  in  good  condition  the  chief  cause  of  impact  was  found  to  be  the 
unbalanced  drivers  of  the  locomotive.  Such  inequalities  of  track  as  existed  on  the 
structures  tested  were  of  httle  influence  on  impact  on  girder  flanges  and  main  truss 
members  of  spans  exceeding  60  to  75  feet  in  length. 

"  (2.)  \Mien  the  rate  of  rotation  of  the  locomotive  drivers  corresponds  to  the  rate  of 
vibration  of  the  loaded  structure,  cumulative  vibration  is  caused,  which  is  the  principal 
factor  in  jiroducing  imjKU'f  in  long  spans.  The  spee<l  of  the  train  which  produces  this 
cumulative  vibration  is  culled  the  'critical  .speed.'  A  speetl  in  excess  of  the  critical 
speetl,  as  well  as  a  spee<l  below  the  critical  speed,  will  cause  vibrations  of  less  amplitude 
than  those  caused  at  or  near  the  critical  spec'^i. 
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"  (3.)  The  longer  the  epan-length  the  slower  is  the  critical  speed;  and,  therefore,  the 
maximum  impact  on  long  spans  will  occur  at  slower  speeds  than  on  short  spans. 

"  (4.)  For  short  spans,  such  that  the  critical  speed  is  not  reached  by  the  moving 
train,  the  impact  percentage  tends  to  be  constant  so  far  as  the  effect  of  the  counter- 
balance is  concerned,  but  the  effect  of  rough  track  and  wheels  becomes  of  greater  im- 
portance for  such  spans. 

"  (5.)  The  impact  as  determined  by  extensometer  measurements  on  flanges  and 
chord  members  of  trusses  is  somewhat  greater  than  the  percentages  determined  from 
measurements  of  deflection,  but  both  values  follow  the  same  general  law. 

"  (6.)  The  maximum  impact  on  web  members  (excepting  hip  verticals)  occurs  vmder 
the  same  conditions  which  cause  maximum  impact  on  chord  members,  and  the  per- 
centages of  impact  for  the  two  classes  of  members  are  practically  the  same. 

"  (7.)  The  impact  on  stringers  is  about  the  same  as  on  plate-girder  spans  of  the  same 
length,  and  the  impact  on  floor-beams  and  hip  verticals  is  about  the  same  as  on  plate 
girders  of  a  span  length  equal  to  two  panels. 

"  (8.)  The  maximum  impact  percentage  as  determined  by  these  tests  is  closely  given 
by  the  formula, 

T  100 

1+  ^ 


20,000 


in  which  /  =  impact  percentage  and  I  =  span-length  in  feet. 

"  (9.)  The  effect  of  differences  of  design  was  most  noticeable  with  respect  to  dif- 
ferences in  the  bridge  floors.  An  elastic  floor,  such  as  furnished  by  long  ties  supported 
on  widely  spaced  stringers,  or  a  ballasted  floor,  gave  smoother  curves  than  were  ob- 
tained with  more  rigid  floors.  The  results  clearly  indicated  a  cushioning  effect  with 
respect  to  impact  due  to  open  joints,  rough  wheels,  antl  similar  causes.  This  cushioning 
effect  was  noticed  on  stringers,  floor  beams,  hip  verticals,  and  short-span  girders. 

"  (10.)  The  effect  of  design  upon  impact  percentage  for  main  truss  members  was 
not  sufficiently  marked  to  enable  conclusions  to  be  drawTi.  The  impact  percentage 
here  considered  refers  to  variations  in  the  axial  stresses  in  the  members,  and  does  not 
relate  to  vibrations  of  members  themselves. 

"  (11.)  The  impact  due  to  the  rapid  application  of  a  load,  assiuning  smooth  track  and 
balanced  loads,  is  found  to  be,  from  both  tlieoretical  and  experimental  grounds,  of  no 
practical  importance. 

"  (12.)  The  unpact  caused  by  balanced  compound  and  electric  locomotives  was  very 
small,  and  the  vibrations  caused  under  the  loads  were  not  cumulative. 

"(13.)  The  effect  of  rough  and  flat  wheels  was  distinctly  noticeable  on  floor-beams, 
but  not  on  truss  members.  Large  impact  was,  however,  caused  in  several  cases  by 
heavily  loaded  freight-cars  moving  at  high  speeds." 

In  Engineering  News  of  August  1,  1912,  there  is  a  paper  entitled  "A 
New  Impact  Formula,"  by  Gustav  Lindenthal,  Esq.,  C.  E.,  which  contains 
much  valuable  information;  but  the  formula  proposed  is  far  too  compU- 
cated,  being  based  on  many  theoretical  assumptions.  Moreover,  some  of 
the  statements  and  deductions  which  it  contains  arc  not  in  accord  with 
the  latest  exjjeriments  on  impact — those  made  by  the  committee  of  the 
American  Railway  Engineering  Association  as  herein  previously  described. 
For  instance,  there  are  no  experiments  on  record  to  show  that  for  a  rail 
support(!d  on  ties  "the  effect  of  live  load  and  impact  is  equivalent  to  three 
times  the  effect  of  the  quiescent  load."  This  paper  ignores  the  first  prin- 
ciple that  "Simphcit}'  is  one  of  the;  highest  attributes  of  good  designing." 
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There  is  a  paper  in  the  1912  Transactions  of  the  American  Society  of 
Civil  Engineers  entitled  "Specifications  for  the  Design  of  Bridges  and 
Subways,"  by  Henry  B.  Seaman,  Esq.,  C.  E.,  which  contains  some  ma- 
terial concerning  impact  that  is  worthy  of  perusal,  especially  the  discus- 
sion by  Victor  H.  Cochrane,  Esq.,  C.  E.     Fig.  76  contains  seven  impact 
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curves  collected  and  diagrammed  by  Mr.  Cochrane;  and  the  author  has 
again  taken  the  liberty  of  plotting  here  the  curve  derived  from  his  proposed 
formula  for  single-track  railway  bridges,  viz., 

165 


/  = 


L+  150 


128  BRIDGE  ENGINEERING  Chapter  VII 

It  is  submitted  that  this  curve  is  preferable  to  any  of  the  others;  for 
while  it  keeps  just  above  the  plotted  points  for  short  spans,  it  does  not 
approach  so  near  the  zero  line  for  long  spans  as  do  the  three  other  curves 
which  follow  the  test  points  more  or  less  closely.  The  author  is  firmly 
of  the  opinion  that  the  effect  of  impact  never  is  zero,  no  matter  how  long 
the  span,  when  the  speed  of  the  train  is  unrestricted. 

All  the  experiments  on  impact  thus  far,  as  well  as  can  be  learned,  have 
been  made  upon  single-track  bridges;  and  it  is  evident  that  for  bridges 
with  a  greater  number  of  tracks  the  impact  would  be  less  than  on  those 
for  single  track,  the  larger  the  number  the  smaller  the  impact.  While  he 
has  had  no  proper  data  from  which  to  adjust  this  variation,  the  author 
has  evolved  the  following  formula  for  steam  railway  bridges  having  any 
number  of  tracks: 

165 
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where  I  is  the  coefficient  of  impact,  n  the  number  of  tracks,  and  L  the 
loaded  length  in  feet.  Fig.  7c  gives  the  curves  by  this  formula  for  spans 
from  zero  to  one  thousand  feet  for  structures  having  one,  two,  three,  and 
four  tracks.  These  curves  look  reasonable  and  logical;  and  if  they  err 
at  all,  the  error  is  on  the  side  of  safety.  For  instance,  taking  a  span- 
length  of  one  hundred  feet,  while  a  single-track  structure  has  an  impact 
of  66  per  cent,  a  double-track  structure  has  one  of  47  per  cent,  a  three- 
track  structure  one  of  36  per  cent,  and  a  four-track  structure  one  of  30 
per  cent.  When  one  considers  that  in  multiple  track  structures  the  trains 
run  in  opposite  directions  and  that  the  cumulative  vibrations  of  one  train 
undoubtedly  have  a  tendency  to  check  those  of  another  train,  he  must 
conclude  that  these  figures  are  more  than  safe. 

For  electric  railway  bridges  the  author  after  several  trials  has  finally 
adopted  the  impact  formula, 
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It  is  based  entirely  on  engineering  judgment,  \sath  the  impact  formula 
for  steam  railway  bridges  as  a  guide.  It,  too,  undoubtedly  errs  upon  the 
side  of  safet3^  Fig.  Id  shows  for  spans  varying  in  length  from  zoro  to 
one  thousand  feet  and  for  structures  having  one,  two,  three,  a  ad  four 
tracks  the  curves  derived  from  this  last  formula. 

For  highway  bridges  the  formula  finally  adopted  is 
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where  n  is  the  total  width  of  roadway  and  sidewalks  divided  by  20 — ^for 
instance,  if  the  total  clear  width  of  deck  is  60  feet  n  will  be  equal  to  three 
(3).     Fig.  7e,  as  in  the  previous  cases,  gives  the  corresponding  curves  for 
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four  different  values  of  n.     If  it  is  fractional,  the  impact  can  either  be 
interpolated  or  be  taken  from  the  curve  of  nearest  value. 

There  is  still  another  impact  loading  to  be  considered,  viz.,  that  from 
the  dead  loads  of  moving  spans.  In  swings  and  bascules  when  the  mov- 
able span  is  set  in  motion  or  brought  to  rest  suddenly  there  is  a  jar  or 
shock  which  augments  the  dead-load  stresses;  and  to  allow  for  this  effect 
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the  said  stresses  are  increased  twenty-five  (25)  per  cent  in  the  specifica- 
tions of  Chapter  LXXVIII.  This  increase  of  dead  load  does  not  com- 
bine with  the  live  load;  nevertheless  there  are  or  may  be  certain  main 
members  and  details  the  sections  of  which  it  will  augment.  This  dead- 
load  impact  when  applied  to  vertical  lift  bridges  will  never  change  the 
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sections  of  the  members  of  the  movable  span,  but  it  will  increase  those 
of  the  tower  columns,  the  supporting  ropes,  the  equalizers,  the  hangers^ 
and  all  the  coimecting  details  for  these  parts. 
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The  author  is  now  employing  the  impact  values  given  by  the  curves 
of  Fig.  7e  for  the  electric-railway  loads  on  highway  bridges.  Furthermore, 
for  both  highway  and  electric-railway  loadings,  the  full  values  are  used 
for  timber  floors  only.  For  concrete  slabs  on  steel  bridges,  they  are  re- 
duced one-fourth;  and  for  reinforced-concrete  structures,  one-half. 


CHAPTER  VIII 

CENTRIFUGAL  FORCE  AND  OTHER  EFFECTS  OF  TRACK  CURVATURE 

Whenever  it  is  necessary  to  design  a  railway  bridge  on  a  curve,  due 
account  must  be  taken  of  the  effects  upon  the  structure  produced  by  the 
curvature  of  the  track.  Where  a  bridge  is  located  on  a  tangent,  its  axis 
is  made  to  coincide  with  the  centre  line  of  track  or  tracks,  and  the  struc- 
ture is  designed  symmetrically  about  the  vertical  plane  through  the  said 
centre  line.  This  gives  the  same  loads  on  the  symmetrically  correspond- 
ing parts  of  the  span  and  causes  their  sections  to  be  alike.  With  the 
structure  on  a  curve  it  is  not  always  possible  so  to  arrange  the  layout 
that  corresponding  members  shall  have  the  same  loads  and  sections, 
although  it  is  usually  practicable  to  make  the  differences  very  slight, 
and  in  many  cases  negligible.  Even  when  the  differences  are  consider- 
able, it  may  prove  economical  from  the  standpoint  of  the  shop  work  to 
use  for  the  more  lightly  loaded  member  the  same  section  as  for  the  one 
more  heavily  loaded. 

There  are  four  elements  that  enter  into  the  computations  for  a  bridge  on 
a  curve  due  to  the  curvature  of  the  track,  viz.:  the  curvature  of  the  track 
itself,  the  eccentricity  of  the  track,  the  centrifugal  force,  and  the  super- 
elevation of  the  outer  rail.  It  is  not  always  obligatory  to  consider  all 
of  these  effects,  as  the  necessity  for  so  doing  will  depend  on  the  location 
of  the  structure  and  the  class  of  traffic  passing  over  it.  The  effects  of 
the  curvature  and  eccentricity  of  the  track  will  always  have  to  be  taken 
into  account;  but  those  due  to  centrifugal  force  and  superelevation  of 
outer  rail  will  have  to  be  considered  only  where  the  speed  of  the  train 
demands  it.  The  centrifugal  force  is  directly  proportional  to  the  square 
of  the  velocity  of  the  train,  as  is  also  the  superelevation  required.  The 
latter  is  employed  in  order  to  overcome  the  bad  effect  of  the  centrifugal 
force  which  exists  on  a  curve  without  superelevation.  For  low  speeds 
the  centrifugal  force  and  the  required  superelevation  are  small;  and 
where  it  is  practicable  to  figure  on  very  low  speeds  they  may  be  neglected 
altogether. 

The  velocity  of  the  train  to  be  assumed  in  determining  the  centrif- 
ugal force  and  superelevation  will  depend  on  various  factors.  In  the 
first  place  the  location  of  the  bridge  should  be  taken  into  consideration. 
There  are  various  circumstances  in  connection  with  the  position  of  a 
structure  that  might  call  for  a  slow  speed.  When  a  bridge  is  located  in 
a  city,  it  is  not  uncommon  to  find  speed  restrictions.  Again,  when  a 
bridge  is  near  a  crossing,  station,  or  water  tank,  the  speed  at  which  the 
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train  crosses  the  structure  will  usually  be  slow.  Also  when  a  road  crosses 
a  navigable  stream  on  a  low  bridge,  all  trains  arc  required  by  law  to  come 
to  a  full  stop  before  reaching  the  tlraw  span.  If  there  is  reversal  of 
curvature  on  a  bridge,  it  is  very  imlikely  that  a  train  will  cross  it  at  a 
high  speed,  especially  where  the  curves  are  sharp  and  are  connected 
either  by  a  very  short  tangent  or  by  no  tangent  at  all.  Under  such  cir- 
cumstances it  is  generally  necessary  to  superelevate  the  outer  rail  only  a 
slight  amount,  if  any;  and  there  will  then  be  no  need  of  taking  into 
account  the  effect  of  superelevation  and  centrifugal  force. 

Under  other  circumstances,  however,  the  speed  of  the  train  will  de- 
pend on  the  classes  of  traffic,  whether  passenger  or  freight  or  both,  that 
cross  the  structure,  and  upon  whether  it  is  on  a  main  or  a  branch  line. 
The  speed  will  also  depend  somewhat  on  the  degree  of  curvature,  as  it 
is  generall}"  the  rule  that  a  train  will  slacken  its  velocity  as  it  approaches 
a  curve;  and  the  sharper  the  curve  the  greater  the  retardation. 

If  every  train  were  to  take  a  given  curve  with  the  same  maximum 
speed,  the  centrifugal  force  should  be  figured  for  that  velocity,  and  the 
superelevation  should  be  such  as  to  make  the  resultant  of  the  vertical 
and  the  centrifugal  loads  normal  to  the  plane  of  the  track.  This  would 
give  equal  loads  on  the  two  rails — the  best  possible  condition  for  both  the 
traffic  and  the  structure  itself.  Such  an  arrangement  is  possible  where 
one  class  of  traffic  alone  uses  the  line,  with  the  same  speeds  approximately 
in  both  directions,  or  where  separate  tracks  are  provided  for  each  of  the 
two  classes  of  traffic.  The  latter  condition  is  to  be  found  only  on  certain 
of  the  main  lines  of  the  large  eastern  roads  where  four  and  six  tracks  are 
employed.  As  a  general  rule,  either  a  single  or  a  double  track  is  used, 
and  both  classes  of  traffic  pass  over  the  same  tracks. 

With  the  two  classes  of  traffic  occupying  the  same  rails,  it  is  impos- 
sible to  adopt  a  speed  that  will  fit  both.  The  freight  trains  when  loaded 
always  run  at  a  comparatively  low  velocity,  producing  a  small  centrif- 
ugal force  and  requiring  a  low  superelevation,  if  any.  When  empty, 
however,  they  travel  at  a  much  higher  speed,  requiring  a  greater  super- 
elevation. The  passenger  trains  often  run  at  the  highest  attainable 
speeds,  requiring  much  superelevation  and  producing  great  centrifugal 
force.  The  maximum  centrifugal  force  should  be  figured  for  the  greatest 
velocity,  properly  reduced  for  the  degree  of  curve.  The  speed  for  which 
the  superelevation  is  figured,  however,  should  be  adjusted  to  the  best 
possible  advantage  so  as  to  suit  both  the  freight  and  the  passenger  traffic. 
As  a  rule,  the  passenger  traffic  should  be  given  the  preference  in  this,  for 
it  is  the  traffic  that  receives  the  greatest  inconvenience  from  unbalanced 
centrifugal  force.  As  stated  before,  if  passenger  traffic  practically  mo- 
nopolizes the  line,  a  superelevation  should  be  provided  for  approximately 
the  maximum  velocity.  But  where  heavy  freight  is  also  handled  over 
the  road,  such  a  superelevation  would  be  excessive  for  this  class  of  traffic, 
forcing  the  wheels  against  the  inner  rail  with  a  tendency  to  cause  derail- 
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ment  or  perhaps  a  stalling  of  the  train.  To  reduce  this  effect,  the  ve- 
locity for  which  the  outer  rail  is  superelevated  should  be  taken  less  than 
the  velocity  for  which  the  maximum  centrifugal  force  is  figured.  A 
proper  velocity  for  the  superelevation  is  herein  assumed  to  be  one  that 
will  give  a  centrifugal  force  equal  to  one-half  of  that  for  the  maximum 
velocity.  This  will  give  an  excess  of  load  on  the  inner  rail  when  the 
train  is  standing  still  equal  to  that  on  the  outer  rail  when  it  is  moving 
at  maximum  speed.  The  velocity  for  figuring  the  superelevation  will, 
therefore,  be  taken  at  seven-tenths  (0.7)  of  the  maximum  velocity.  The 
assumed  maximum  velocity,  properly  reduced  for  curvature,  can  be  taken 
from  the  formula, 

V  =  60  -  2.5  D;  [Eq.  1] 

and  the  velocity  for  figuring  the  superelevation,  from  the  formula, 

F  =  42  -  1.75  D.  [Eq.  2] 

In  these  equations,  V  equals  the  velocity  of  the  train  in  miles  per  hour 
and  D  equals  the  degree  of  curve. 

These  velocities  are  given  for  a  level  track  or  one  on  a  slight  ascend- 
ing or  on  a  descending  grade  in  the  direction  of  the  traffic.  Where  the 
latter  operates  against  a  heavy  grade  on  a  track  carrying  trains  in  one 
direction  only,  the  maximum  velocity  there  should  be  reduced.  The 
engineer  should  use  his  o^vn  judgment  when  such  a  case  arises.  In  fact, 
in  no  instance  should  one  adopt  the  velocities  previously  specified  with- 
out first  weighing  carefully  all  the  facts  of  the  case  in  hand,  and  deter- 
mining whether  those  velocities  are  proper.  At  times  one  has  to  be 
governed  by  requirements  specified  by  others;  and  in  case  they  do  not 
agree  with  his  own  views,  he  should  endeavor  to  have  them  modified. 

The  superelevation  of  the  outer  rail  is  to  be  determined  from  the 
formula, 

s  =  -~^  [Eq.  3] 

where  s  =  the  required  superelevation  in  inches, 

V  =  the  velocity  of  the  train  in  miles  per  hour,  reduced  for  the 

degree  of  curve  as  previously  noted,  and 
R  =  the  radius  of  the  curve  in  feet. 
Equation  (3)  is  derived  on  the  assumption  that  the  rails  are  spaced 
five  (5)  feet  on  centres,  and  that  the  centre  of  gravity  of  the  train  is  five 
(5)  feet  above  the  base  of  rail.  Fig.  8a  gives  values  of  s  for  any  degree 
of  curvature  up  to  twenty  (20)  degrees,  for  velocities  ranging  from  ten 
(10)  to  sixty  (60)  miles  per  hour.  It  also  indicates  the  values  of  s  when 
F  varies  in  accordance  with  Equation  2. 

Superelevation  for  tracks  on  curves  of  electric  railways  should  be 
figured  in  the  same  manner  as  for  steam  railways,  to  which  class  of  lines 
the  previous  discussion  has  largely  referred.  In  general,  for  the  regular 
surface  traffic  in  cities  no  superelevation  need  be  allowed.     Especially  is 
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this  true  when  the  bridge  carries  also  highway  traffic  and  when  it  is  nec- 
essary to  pave  the  floor.  If  any  superelevation  at  all  is  provided  under 
such  conditions,  it  should  be  limited  to  one  inch  or,  preferably,  to  one- 
half  inch.  Special  cases,  however,  may  arise  where  a  greater  super- 
elevation is  desirable,  but  this  should  be  left  to  the  judgment  of  the  en- 
C  Z  4  6  8  /O  /Z  f4  /S  '/S  20 


8  10  t2 

Degree    of  Curve 

Fig.  8a.     Superelevation  for  Tracks  on  Curves. 

gineer.     On  elevated  and  interurban  electric  railway  structures,  super- 
elevation should  always  be  provided. 

The  centrifugal  force  is  to  be  determined  from  the  following  formula: 

f=^=af,  [Eq.41 

where  F  =  the  centrifugal  force  in  pounds  acting  horizontally  at  the 
centre  of  gravity  of  the  load, 
W  =  the  moving  load  in  pounds, 
V  =  the  velocity  of  train  in  miles  per  hour,  reduced  for  the  degree 

of  curve  as  previously  noted,  and 
R  =  the  radius  of  curve  in  feet. 

y2 

Fig.  86  gives  values  of  the  coefficient  c,  or ,  for  any  degree  of  cur- 

15/? 

vature  up  to  twenty  (20)  degrees  and  for  velocities  ranguig  from  ten  (10)  to 
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sixty  (60)  miles  per  hour.  It  also  indicates  the  values  of  c  when  V  varies 
in  accordance  with  Equation  1. 

No  centrifugal  force  should  be  assumed  to  act  on  a  bridge  located 
on  a  curve  for  ordinary  city  surface  lines,  imless,  in  the  opinion  of  the 
engineer,  it  is  deemed  advisable  to  do  so.  However,  structures  for  inter- 
urban  or  rapid  transit  lines  located  on  curves  should  always  be  figured 
for  the  effect  of  centrifugal  force,  the  values  given  in  Fig.  8&  being  used 
to  determine  the  amount  of  such  force. 

Where  wheel  loads  are  adopted  in  computing  the  stresses  in  the  various 
members  of  a  structure,  the  percentages  given  by  the  curves  in  Fig.  86 
are  to  be  applied  to  these  wheel  loads  in  determining  the  centrifugal 
forces.  Where  equivalent  uniform  live  loads  are  employed,  these  per- 
centages are  to  be  applied  to  them  in  the  same  way.  In  figuring  stresses 
in  the  lateral  bracing  of  bridges  due  to  centrifugal  force,  the  same  equiv- 
alent uniform  live  loads  are  to  be  taken  as  are  used  for  the  trusses  of 
such  bridges;  and  in.  the  case  of  stringer  bracing  (if  it  ever  be 
computed  at  all),  the  equivalent  uniform  live  load  for  centrifugal  force 
should  be  that  adopted  for  designing  the  stringers. 

The  centrifugal  force  should  be  assumed  to  act  at  a  point  five  (5)  feet 
above  the  base  of  rail,  this  being  the  average  height  of  the  centre  of  gravity 
of  the  Uve  load. 

Practically  every  important  member  in  a  structure  is  affected  by  the 
stresses  produced  by  the  centrifugal  force,  the  superelevation  of  the  outer 
rail,  and  the  curvature  of  the  track.  The  lateral  bracing  for  the  unloaded 
chords  and  the  longitudinal  bracing  in  tower  bents  are  about  the  only 
members  not  so  affected.  Of  course,  the  various  members  are  by  no 
means  acted  upon  to  the  same  extent;  and  in  some  instances  the  in- 
fluence of  some  or  all  of  the  above  factors  can  be  neglected  altogether. 
In  general,  however,  they  should  be  considered,  or,  at  least,  it  should 
be  ascertained  that  they  are  neglible. 

As  the  effect  of  all  the  factors  above  noted,  except  that  of  transferring 
the  centrifugal  load  to  the  ends  of  the  structure,  is  merely  to  vary  the 
distribution  of  the  vertical  loads  on  certain  twin  members,  it  would  be 
possible  so  to  arrange  those  members  that  the  vertical  loads  on  them 
would  be  uniform  throughout  their  length.  This  is  not  practicable,  how- 
ever, as  it  would  require  the  curving  of  every  member  parallel  to  the 
track.  It  is  possible,  though,  so  to  adjust  any  pair  of  members  with  re- 
spect to  the  track  that  the  vertical  loads  on  them  will  produce  the  same 
quantitative  effect  in  either  moment  or  shear  at  a  given  point  in  either 
member.  The  effect  of  the  transferring  of  the  centrifugal  load  to  the 
ends  of  the  structure  cannot  be  balanced  in  the  same  way,  although  it 
is  possible  to  make  an  adjustment  that  will  be  advantageous  under  certain 
circumstances,  as  will  be  shown  later. 

When  the  outer  rail  is  not  superelevated  and  the  centrifugal  force  is 
not  assumed  to  act,  only  the  effect  of  track  curvature  need  be  taken  into 
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consideration.  The  adj  ustment  of  the  track  for  the  effect  of  curvature, 
so  as  to  produce  the  same  moment  or  shear  at  a  given  point  in  twin  mem- 
bers, will  depend  on  the  location  of  the  said  point,  as  well  as  upon  whether 
the  moment  or  the  shear  is  to  be  determined. 

Let  us  consider  two  members,  AB  and  CD  in  Fig.  8c,  with  their  centre 
lines  a  distance  d  apart,  carrying  a  curved  track  ■with  a  mid-ordinate  m. 

A  ,'-(^  of  Girder  B 


\3^ 


0'..-^^'r<^  between 
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Fig.  8c.     Layout  of  Girders  on  Curves 


The  long  chord  is  assumed  parallel  to  the  two  members.     For  equal 

TYh 

moments  at  the  centres  oi  AB  and  CD,  the  offset  o  should  equal  — ; 

6 

for  equal  moments  at  the  quarter  points,  it  should  equal  — ;    and  for 

equal  end  reactions,  it    should   equal  — .     It  is  possible  to  arrange  the 

o 

stringers,  girders,  and  trusses  to  meet  any  one  of  the  above  named  con- 
ditions, but  it  is  not  always  advisable.  In  some  cases  it  makes  little 
difference  which  one  of  the  above  offsets  is  used  or  whether  the  offset  is 

m 
made  equal  to  ~    or  even  to  m  itself.     Again,  it  may  be  deemed    best 

to  adopt  some  other  fractional  part  of  m  as  the  offset.  In  any  case,  no 
matter  how  the  centre  line  between  any  twin  members  is  located  with 
respect  to  the  track,  the  eccentricity  of  the  members  from  a  balanced 
condition  can  readily  be  figured  and  the  increase  or  decrease  in  moments 
and  shears  determined.  From  these  it  is  possible  to  figure  the  extent 
to  which  such  increases  or  decreases  should  be  taken  into  account.  For 
instance,  if  the  centre  line  between  the  two  members  AB  and  CD  is  off- 

m 
set  from  the  centre  line  of  track  at  mid-span  an  amount  equal  to  — ' 

6 

which  arrangement  gives  equal  moments  at  the  centre,  the  moment  on 
the  inside  girder  is  increased  and  the  moment  on  the  outside  girder  is 
decreased  from  the  average  moment  M  at  the  quarter  point  by  the  amount, 

8.3w 
d    • 
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I  —  —  —  1  -  M  =  -rz-j,  or  by  the  percentage  —7-.      Under    the  same 

condition  the  end  reaction  on  the  inside  girder  is  increased  and  that  on 
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tlie  outside  girder  is  decreased  from  the  average  value  R  by  the  amount 

niH  33. 3  w 

~r-'  or  by  the  percentage  — - — . 

6(1  "  a 

For  stringers  parallel  to  the  chord  of  the  curve,  it  will  generally  be 
satisfactory  to  make  the  offset  from  the  centre  of  track  to  the  centre 

m 
luie  between  stringers  at  centre  of  span  a  distance  equal  to  ~,  and  figure 

them  for  equal  loads.  The  mcrease  in  moments  and  shears  on  the  more 
heavily  loaded  stringer  will  be  negligible.  This  same  condition  will  also 
apply  to  girder  spans  up  to  about  thirty  (30)  feet  in  length  for  sharp 
curves,  and  to  greater  lengths  for  flat  curves.  However,  for  greater 
lengths  than  thirty  (30)  feet  it  is  difficult  to  set  any  definite  limits,  as 
the  flange  sections  increase  so  rapidly.  Each  case  should,  therefore,  be 
investigated  on  its  owa  merits.     Wherever  it  is  not  advisable  to  locate 

the  centre  Ime  between  girders  at  a  distance  of  —  from  centre  line  of 

track  at  mid-span,  this  offset  should  preferably  be  made  — .     This   will 

6 

give  equal  moments  at  the  centre,  although  unequal  end  reactions.  But 
with  the  end  reactions  differing  considerably,  the  shop  work  will  not  be 
affected  appreciably,  as  it  will  require  merely  the  use  of  somewhat  thicker 
end  angles  for  the  heavier  reaction.  Where  the  mid-ordinate  for  a  curve 
on  a  stringer  span  is  not  greater  than  one  (1)  inch,  the  centre  line  be- 
tween the  stringers  may  be  placed  on  the  chord  of  the  centre  line  of  track, 
as  the  increases  in  the  sections  of  the  more  heavily  loaded  stringer  are 
negligible.  For  the  stringer  concentrations  on  the  floor-beams  and  for 
the  floor-beam  reactions  on  the  girders  or  trusses,  the  average  of  the  two 
offsets  for  which  the  stringers  in  the  panels  adjacent  to  the  floor-beam 
in  question  were  figured  should  be  used  as  the  point  at  which  the  track 
load  will  be  assumed  to  act. 

If  we  call  the  point  at  which  the  track  load  is  assumed  to  be  applied 
X,  the  eccentricity  E  of  the  said  load  employed  in  developing  the  equa- 
tions to  follow  will  be  taken  as  the  eccentricity  of  the  point  x  with  respect 
to  the  centre  line  between  stringers,  girders,  or  trusses,  and  will  be  con- 
sidered as  positive  when  measured  toward  the  stringer,  girder,  truss,  or 
end  of  floor-beam  in  question,  and  negative  when  measured  m  the  oppo- 
site direction.  In  all  cases  the  eccentricity  E  will  carry  its  own  sign. 
These  equations  will  be  determined  from  the  standpoint  of  a  single-track 
structure,  but  they  are  equally  applicable  to  multiple-track  structures. 

The  stringers  in  a  structure  on  a  curve  may  be  placed  parallel  to  and 
symmetrically  about  the  centre  lirie  of  the  bridge;  they  may  be  parallel 
to  the  said  centre  line,  but  offset  therefrom  so  as  to  give  equal  moments 
at  their  mid-points;   or  they  may  be  placed  parallel  to  the  chords  of  the 
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curve  between  the  floor-beams,  and  offset  so  as  to  give  equal  moments 
at  mid-length. 

In  the  first  layout  the  eccentricity  of  the  track  will  have  to  be  con- 
sidered. The  moments  can  be  computed  for  the  average  eccentricity, 
i.e.,  the  eccentricity  of  the  middle  point  of  the  mid-ordinate  to  the 
curve  between  the  floor-beams;  and  for  flat  curves  the  same  eccentricity 
can  be  used  for  the  end  shears.  However,  for  sharp  curves,  the 
inclination  of  the  long  chord  of  the  track  to  the  axis  of  the  bridge  must 
be  taken  into  account  in  determining  the  end  shears  of  the  stringers, 
especially  in  the  end  panels.  As  the  loads  on  the  stringers  vary,  their 
sections  will  not  be  alike  except  when  the  differences  are  so  small  that 
they  may  be  neglected.  The  end  connections  should  all  be  designed  for 
the  maximum  stringer  end  shear  occurring  in  the  span  and  for  the  maxi- 
mum concentration  on  the  floor-beams.  This  will  make  all  floor-beams 
alike  as  to  the  stringer  connections,  although  their  flange  sections  and 
their  end  connections  will  vary.  This  layout  of  stringers  will  give  the 
best  arrangement  for  the  shops,  as  practically  the  only  extra  work  en- 
tailed will  be  the  caring  for  the  various  flange  sections  and  the  details 
affected  by  them. 

If  we  let  W  equal  the  total  load  on  the  two  stringers,  E  the  eccen- 
tricity, and  b  the  distance  from  centre  to  centre  of  stringers,  the  load  Q 
on  either  stringer  will  be 

IF/        2E\ 
0  =  f(l+^).  [Eq.51 

In  this  equation  E  carries  its  own  sign.  Where  the  chord  of  the  curve  is 
appreciably  inclined  to  the  axis  of  the  stringers,  this  equation  cannot 
be  used  for  determining  the  end  shears. 

In  the  second  layout  the  stringers  will  be  figured  for  equal  moments 
at  the  centre,  and  the  end  connections  for  equal  shears  where  the  curve 
is  flat.  However,  where  the  curve  is  sharp  (and  sometimes  in  the  end 
panels  for  flat  curves)  due  consideration  must  be  given  to  the  inclination 
of  the  chord  of  the  curve  between  the  floor-beams  to  the  axis  of  the  stringer 
when  determining  the  end  shears.  The  end  connections  should  always 
be  designed  for  the  maximum  end  shear.  In  this  case  the  sections  of  all 
the  stringers  will  be  alike,  but  the  end  connections  will  be  different  on 
account  of  the  offsetting.  This  requires  the  outstanding  legs  of  the  end 
connections  to  vary  in  order  to  engage  the  same  holes  through  the  floor- 
beams.  For  the  same  reason  the  stringer  connections  will  not  be  sym- 
metrical about  the  centre  of  the  floor-beams,  causing  extra  shop  work 
on  the  latter. 

In  the  third  layout  the  stringers  will  be  figured  for  equal  moments 
and  equal  end  shears.  In  this  case  the  stringers  will  have  tlie  same  sec- 
tions and  end  connections,  but  the  lengths  of  the  stringers  will  vary; 
and  the  end  connections  as  well  as  the  flanges  will  have  to  be  bevelled. 
The  bevels  may  be  so  large  that  bent  plates  will  have  to  be  employed 
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instead  of  connection  angles;  especially  will  this  be  true  In  the  end  panels. 
Moreover,  the  stringer  connections  will  not  be  symmetrical  about  the 
centre  line  of  floor-beams.  This  last  case  involves  the  worst  condition 
for  shop  work,  although  it  effects  the  best  distribution  of  the  loads  to 
the  stringers. 

Before  adopting  one  of  the  three  methods  outlined  for  laying  out  the 
stringers,  the  case  in  hand  should  be  carefully  studied.  In  general,  it 
might  be  said  that  for  very  flat  curves  the  first  method  will  prove  the 
most  satisfactory;  for  medium  curves,  the  second  method;  and  for  sharp 
curves,  the  last  method.  However,  even  this  consideration  may  be 
affected  by  the  length  of  the  span  as  well  as  by  that  of  the  panels. 

In  designing  the  floor-beams,  two  cases  may  arise — one  in  which  the 
stringers  are  parallel  to  the  trusses  and  spaced  symmetrically  about  their 
centre  line,  and  the  other  in  which  the  stringers  are  parallel  either  to  the 
trusses  or  to  the  chords  of  the  curve  between  the  floor-beams  and  offset 
from  the  centre  line  between  the  trusses  so  as  to  follow  the  curve  as  nearly 
as  possible.  In  either  case  it  is  best  first  to  find  the  end  reactions  of  the 
floor-beams  on  the  two  trusses.  This  can  be  done  most  readily  by  deter- 
mining the  track  concentrations  on  the  floor-beams  in  the  case  of  either 
concentrated  or  uniform  loads  for  two  panels,  considering  the  track 
straight,  and  then  computing  the  truss  loads  by  using  the  eccentricities 
of  the  said  concentrations.  If  Wi  is  the  total  track  concentration  on  the 
floor-beam,  Ei  the  eccentricity,  61  the  distance  from  centre  to  centre  of 
trusses,  and  Ri  the  floor-beam  reaction  for  either  truss,  then 

..  =  f(l+f).  [E..6, 

in  which  Ei  carries  its  own  sign.  After  all  the  floor-beam  reactions  Ri 
are  found,  the  moment  at  any  stringer  point  of  a  floor-beam  can  be  read- 
ily determined.  Where  the  stringers  are  spaced  symmetrically  about  the 
centre  line  between  trusses,  to  determine  the  moment  for  any  floor-beam, 
it  is  only  necessary  to  use  the  larger  end  reaction  of  the  said  floor-beam, 
as  the  moment  arms  are  equal.  However,  where  the  stringers  follow  the 
track,  the  moments  at  all  the  stringer  points  will  have  to  be  determined, 
because  the  lever  arms  all  vary.  It  may  be  possible  to  tell  by  inspection 
where  the  maximum  moment  in  any  floor-beam  will  occur.  As  it  will 
also  be  necessary  to  know  the  stringer  concentrations  on  the  floor-beams, 
these  can  be  determined  from  the  equation  given  above  by  substituting 
R  for  Ri,  and  b  for  61,  where  R  is  the  stringer  concentration,  and  b  is  the 
distance  from  centre  to  centre  of  stringers.     Therefore 

in  which  Ei  carries  its  own  sign.  When  Ei  is  zero,  i.e.,  when  the  stringers 
follow  the  track, 

IFi 
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The  panel  concentrations  on  the  trusses  are  determined  in  the  same 
way  as  are  the  floor-beam  reactions. 

For  sharp  curves,  where  the  stringers  are  parallel  to  the  axis  of  the 
bridge,  it  may  be  necessary  to  figure  the  floor-beam  concentrations  for 
each  stringer  separately  before  determining  the  floor-beam  reactions  or 
truss  loads,  on  account  of  the  difference  in  the  inclination  of  the  chords 
of  the  curve  in  the  two  adjacent  panels.  Where  this  difference  is  appre- 
ciable, the  averaging  of  the  eccentricities  in  the  adjacent  panels  will  not 
be  sufl&ciently  accurate,  and  all  floor-beam  concentrations  computed  in. 
this  manner  will  be  excessive.  The  greatest  difference  will  show  up  in 
the  end  floor-beams  and  will  readily  indicate  to  what  extent  the  figuring 
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Fig.  S>d.     Forces  Acting  on  a  Structure  on  a  Curve. 

by  average  eccentricities  will  affect  the  floor-beam  concentrations  and 
reactions  and  the  truss  panel  loads. 

In  the  preceding  treatment  of  the  subject,  consideration  has  been 
given  only  to  the  effects  of  track  curvature.  This  is  as  far  as  it  is  nec- 
essary to  carry  the  investigations  in  case  the  superelevation  is  omitted 
and  the  centrifugal  force  is  ignored.  However,  where  superelevation  is 
provided  and  the  centrifugal  force  is  taken  into  accomit,  due  consider- 
ation must  be  given  to  the  effects  thereof. 

In  all  previous  notations  the  impact  factor  has  been  ignored,  and  all 
loads  must  either  be  increased  for  this  or  else  be  assumed  to  include  it. 
In  figuring  the  effects  of  the  centrifugal  force  and  superelevation,  how- 
ever, no  impact  is  to  be  added.     For  this  reason  an  impact  factor  will 


EFFECTS   OF   TRACK    CURVATURE  143 

be  applied  hereafter  to  all  loads  affected  by  impact.  All  equations  will 
hold  true  for  the  effects  of  track  curvature  alone,  if  all  factors  due  to 
centrifugal  force  and  superelevation  are  cancelled. 

The  effect  of  the  centrifugal  force  is  a  tendency  to  overturn  the  train, 
thereby  increasing  the  load  on  the  outside  rail  and  decreasing  that  on 
the  inside  one  by  an  amount  equal  to  the  overturning  moment  divided 
by  the  distance  from  centre  to  centre  of  rails.  By  superelevating  the 
outer  rail  the  centre  of  gravity  of  the  tram  is  shifted  toward  the  centre 
of  the  curve,  thus  producing  a  negative  moment  to  counteract  all  or  part 
of  the  overturning  moment  from  the  centrifugal  force.  The  resultant 
effect  is  to  vary  the  distribution  of  the  vertical  loads  on  the  stringers, 
floor-beams,  and  girders  or  trusses. 

In  Fig.  8c?  let  the  plane  of  the  rails  make  an  angle  a  with  the  horizontal. 

Sin  a  then  equals  — ,  where  s  is  the  superelevation  of  the  outer  rail  and 
Q 

g  the  distance  from  centre  to  centre  of  rails.  The  centrifugal  force  cW 
is  applied  at  K,  the  centre  of  gravity  of  the  mass,  located  at  a  distance 
r  above  the  base  of  rail.  The  distance  r  should  actually  be  taken  along 
OK;  but  the  angle  a  is  so  small  that  the  vertical  and  the  inclined  dis- 
tances are  not  appreciably  different.  Assume  K  to  be  located  at  a  dis- 
tance n  above  the  tops  of  the  stringers  and  at  a  distance  I  above  the  plane 
of  the  laterals.  The  load  W  is  eccentric  with  respect  to  0,  the  central 
point  between  rails,  by  an  amount  e  =  r  tan  a.  As  the  angle  a  is  small, 
we  can  A\Tite  sin  a  in  place  of  tan  a,  it  being  more  convenient  to  do  so  as 
sin  a  is  known.  Then,  the  increase  in  load  on  the  outer  rail  or  the  de- 
crease in  load  on  the  inner  rail  is 

W  Wr 

Si  ^  —  (cr  —  e)  =  —  (c  —  sin  a).  [Eq.  9] 

g  9 

In  the  same  way  the  increase  in  load  on  the  outer  stringer  or  the  decrease 
in  load  on  the  inner  stringer  is, 

W 

*S  =  —  (en  —  r  sin  a) ;  [Eq.  10] 

and  for  the  trusses  the  corresponding  formula  is 

W 

Si  =  —  (cl-r  sin  a).  [Eq.  11] 

Ox 

If  we  combine  the  effects  of  track  curvature,  superelevation,  and  cen- 
trifugal force,  the  following  equations  will  result,  using  the  same  nota- 
tion as  given  before  and  letting  /  equal  the  impact  coefficient. 

For  stringers  parallel  to  and  sjTnmetrical  about  the  centre  line  of 
bridge,  the  loads  on  the  stringer  are : 

Outside  stringer, 

e  =  n.{a  +  /)(^  +  ^)_Lip  +  £![,      [Eq.i2i 
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Inside  stringer, 

0  =  Tf  j(l  +  /)(H  +  f)  +  '-^-f[.         lEq.13] 

In  these  equations  E  carries  its  own  sign. 

For  stringers  following  the   curve  with   no   appreciable   eccentricity, 
these  loads  are: 

Outside  stringer, 


Q  =  W\V2{l  +  I)-  ^_^  +  1?^,  [Eq.  14] 


Inside  stringer. 


r  sm  a       en) 


Q  =  W  YA{l  +  I)  +  — -^Y  [Eq.  15] 

To  produce  equal  loads  on  the  two  stringers,  the  eccentricity  E, 
should  be 

E  =  ——  (r  sin  a  -  en),  [Eq.  16] 

the  sign  being  taken  with  reference  to  the  outside  stringer.     This  gives 

W 
a  load  of  —  (1+7)  on  each  stringer.     The  load  on  the  mside  stringer 

for  the  train  standing  still  and  no  impact  considered  will  never  be  as  large 
as  this. 

After  determining  the  coefficients  in  the  parentheses  for  the  case  in 
hand,  as  well  as  the  centre  moment  and  the  end  shear  for  the  total  load 
on  the  two  stringers,  the  actual  moment  and  shear  in  any  stringer  can 
be  found  by  multiplying  the  above  calculated  moment  and  shear  by  the 
coefficient  for  this  stringer.  As  stated  before,  in  computing  the  end 
shears  for  stringers,  the  effect  of  the  inclination  of  the  chord  of  the  curve 
to  the  axis  of  the  stringer  should  be  looked  into  carefully. 

The  above  equations  given  for  stringers  can  also  be  applied  for  similar 
conditions  to  deck  plate  girder  and  deck  truss  spans  without  floor  sys- 
tems. However,  it  will  be  necessary  to  investigate  other  sections  than 
merely  the  centre  and  end  ones  in  order  to  prevent  any  appreciable  over- 
stress.  The  said  overstress  can  be  determined  as  previously  described; 
and  if  necessary,  the  sections  can  be  increased. 

For  stringers  parallel  to  and  symmetrical  about  the  axis  of  the  bridge, 
the  stringer  concentrations  on  the  floor-beams  are: 

Outside  stringer, 

«  =  Tf.j(l+/)(M  +  f)-'^  +  f),  [Eq.17] 

Inside  stringer, 

K  =  If,{  (1  +  /)  (m  +  I)  +  ^-^  -  f  |.        [Eq.  18] 
In  these  equations  Ex  carries  its  own  sign. 
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When  the  stringers  follow  the  curve  with  no  appreciable  eccentricity, 
these  concentrations  are: 
Outside  stringer, 


R  =  TF.  ]  ^  (1  +/)  -  '-^  +  f  |,  [Eq.  19] 


■•i 


Inside  stringer. 


iJ  =  F.|K2(l+/)+-,--f|.  lEq.201 

After  determining  the  coefficients  for  all  floor-beams  as  well  as  the 
total  track  concentration  on  one  floor-beam,  the  actual  concentration  at 
any  stringer  point  can  be  found  by  multiplying  the  figured  track  con- 
centration by  the  coefficient  for  this  point. 

For  floor-beams,  the  end  reactions  on  the  trusses  are: 

Outside  truss. 

Inside  truss, 

«..,,la  +  /)(M  +  |)+'-f^"-||.        [E,.22, 

These  coefficients  can  be  determined  for  all  the  floor-beams  and  also 
the  total  load  on  one  floor-beam.  The  actual  reaction  for  any  floor- 
beam  at  either  truss  can  then  be  found  by  multiplying  the  total  floor- 
beam  load  by  the  coefficient  for  the  end  in  question;  and  the  moments 
at  all  stringer  points  can  consequently  be  computed. 

The  panel  loads  for  the  trusses  can  be  determined  from  the  equations 
for  the  floor-beam  reactions. 

In  addition  to  varying  the  vertical  loads  on  stringers,  girders,  and 
trusses,  the  centrifugal  load  produces  stresses  in  the  loaded  flanges  of 
stringers  and  girders  and  in  the  loaded  chords  of  trusses  due  to  the  trans- 
ferring of  this  load  horizontally  to  the  ends  of  the  span.  Tension  is  pro- 
duced in  the  outside,  and  compression  in  the  inside  flange  or  chord.  The 
said  load  in  a  stringer  or  a  deck-girder  span  is  taken  to  the  ends  by  the 
lateral  bracing  and  then  to  the  supports  through  the  cross  frames;  while 
in  a  span  with  a  floor  system,  it  is  first  transferred  by  the  stringer  brac- 
ing to  the  floor-beams  and  then  to  the  ends  of  the  span  through  the  lateral 
bracing. 

In  a  deck  span  the  stresses  in  the  outside  loaded  chord  are  decreased 
and  those  in  the  inside  loaded  chord  are  increased  by  the  transferring  of 
the  centrifugal  load  to  the  ends  of  the  span.  It  is  impossible  to  shift 
the  stringers,  girders,  or  trusses,  with  respect  to  the  track,  so  as  to  equal- 
ize the  stresses  in  all  the  flanges  or  chords,  because  the  unloaded  flanges 
or  chords  are  not  affected  by  the  horizontal  action  of  the  centrifugal  load. 
If  the  stresses  in  all  the  flanges  or  chords  are  equalized  for  all  other  loads 
than  the  one  just  mentioned,  any  attempt  to  balance  the  loaded  flanges 


14b  BRIDGE   ENGINEERING  Chapter  VIII 

or  chords  will  unbalance  the  unloaded  flanges  or  chords.  In  stringer  and 
girder  spans,  in  which  all  flanges  are  made  up  of  the  same  style  of  sec- 
tion, the  span  can  be  shifted  to  advantage  toward  the  inside  of  the  curve 
until  the  stress  in  the  top  flange  of  the  inside  gird.er  equals  that  in  the 
bottom  flange  of  the  outside  girder  and  vice  versa.  This  will  give  the 
minimum  variation  in  flange  sections,  as  well  as  the  least  number  of  such 
differing  sections.     To  obtain  this  result,  the  track  will  have  to  be  shifted 

c  d        .         .        . 
an  amount      .  y  in  which  c  is  the  ratio  of  the  centrifugal  to.  the  direct 

load,  d  is  the  depth  of  the  stringer  or  girder  from  centre  to  centre  of  flanges, 
and  I  is  the  impact  coefficient.  Where  the  difference  in  the  flange  stresses 
is  slight,  as  in  stringer  spans,  all  sections  can  be  made  alike. 

In  truss  spans  and  in  deck,  plate-girder  spans  having  top  flanges 
which  are  built  up  of  four  angles  and  bottom  flanges  which  are  composed 
of  two  angles  and  plates,  it  is  best  not  to  attempt  to  equalize  the  stresses 
of  the  diagonally  situated  flanges  or  chords,  as  the  make-ups  of  the  said 
top  and  bottom  flanges  or  chords  are  different,  and  hence  no  benefit  would 
result  from  such  a  change.  It  will  be  best  to  equalize,  the.  stresses  in  the 
unloaded  flanges  or  chords  and  let  the  loaded  flanges  or  chords  take  care 
of  themselves.  This  will  at  least  give  the  same  sections  for  the  unloaded 
flanges  or  chords. 

In  trestles  on  curves  the  towers  and  bents  must  be  figured  for  the 
shear  and  overturning  due  to  the  centrifugal  load  in  the  same  maimer 
as  for  wind  loads. 

If  the  stringers  or  girders  are  inclined  the  same  amount  as  the  rails, 
due  consideration  must  be  given  to  this  condition,  as  it  tends  to  equalize 
the  loads  without  shifting  the  track  to  the  same  extent  as  is  d^ne  for 
vertical  stringers  or  girders. 

In  all  the  preceding  investigations  it  has  been  assumed  that  the  cen- 
trifugal load  is  normal  to  the  axis  of  the  bridge  throughout  its  length. 
Theoretically  this  is  not  correct,  as  the  centrifugal  load  acts  radially  at 
any  point.  However,  the  difference  between  the  radial  load  and  its  nor- 
mal component  is  not  appreciable;  and  assuming  the  former  to  be  normal 
to  the  axis  of  the  bridge  involves  a  slight  error  on  the  side  of  safety. 

The  centrifugal  load  is  to  be  treated  in  the  same  manner  as  the  live 
load  and  not  as  an  unusual  load,  for  it  always  exists  when  the  live  load 
is  acting;  consequently  there  will  be  no  increase  in  permissible  unit 
stresses  when  determining  the  sections  of  members  affected  by  the  cen- 
trifugal load,  unless  there  be  wind  load  or  other  unusual  loading  in  the 
combination.  In  other  words,  the  centrifugal  load  per  se  does  not  war- 
rant the  increasijig  of  the  intensities  of  working  stresses. 

Wliile  the  preceding  discussion  assmnes  that  the  location  of  the  track 
with  respect  to  the  steel  work  may  be  varied  as  desired,  it  is  not  always 
practicable  or  economical  to  do  so;   and  especially  is  this  true  in  through 
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spans  of  either  the  girder  or  the  truss  type.  The  girders  or  trusses  may 
be  spaced  such  a  distance  apart  that  the  position  of  the  track  can  be 
arranged  so  as  to  fulfill  the  foregoing  requirements  as  to  equalizing  the 
loads  on  them  as  far  as  it  is  possible  to  do  so,  and  in  addition  to  provide 
the  required  clearance  at  the  inside  truss.  However,  this  is  likely  to 
give  an  excessive  distance  from  centre  to  centre  of  trusses.  It  might  be 
more  economical  to  reduce  this  distance,  merely  providing  the  required 
clearance  for  both  the  inside  and  the  outside  trusses  and  taking  care  of 
the  unequalized  loads  on  them.  This  will  in  general  make  the  shop 
Avork  of  the  two  trusses  or  girders  (especially  that  of  the  trusses)  vary 
to  a  greater  extent  than  otherwise,  because  for  an  equalized  condition 
it  will  usually  be  possible  to  design  the  trusses  very  nearly  alike.  In 
either  case,  however,  the  total  weight  of  the  trusses  will  be   about  the 
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Fig.  8e.  Clearance  Diagram  for 
Square,  Through  Bridges  on 
Curves. 


Fig.  8/.  Clearance  Diagram  for 
Skew,  Through  Bridges  on 
Curves. 


same,  as  the  shifting  of  the  tracks  merely  changes  the  division  of  loads  on 
them.  With  the  trusses  or  girders  placed  farther  apart  than  is  required 
for  clearance,  the  weight  of  the  floor  system  and  lateral  bracing  increases; 
consequently  the  question  as  to  which  of  the  two  arrangements  will  prove 
the  more  economical  must  be  determined  by  comparing  the  cost  of  the 
extra  metal  in  the  floor  system  of  the  wider  span  with  the  cost  of 
the  extra  shop  work  in  the  narrow  span.  In  general,  though,  the  most 
economical  arrangement  will  be  to  make  the  distance  from  centre  to 
centre  of  trusses  as  small  as  practicable. 

To  provide  the  same  clearance  for  single-track  through-bridges  on 
curves  as  required  on  tangent,  the  clear  width  between  trusses  is  to  be 
as  showTi  in  Figs.  8e  and  8/. 

In  these  figures, 

W  =  the  lateral  clearance  from  the  centre  line  of  track  required  for 
tangent  alignment, 

M  =  the  mid-ordinate  of  the  curve  for  a  chord  equal  to  the  span 
length, 

X  =  an  addition  for  the  overhang  of  the  centre  of  the  car  on  the 
inside, 
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Z  =  an  addition  for  the  overhang  of  the  end  of  the  car  on  the  outside, 
and 

F  =  an  addition  for  the  tilting  of  the  car  due  to  the  superelevation 
of  the  outer  rail. 

X  is  the  mid-ordinate  of  a  chord  of  the  curve  the  length  of  which  is 
equal  to  the  distance  from  centre  to  centre  of  trucks,  whereas  X  plus  Z 
is  the  mid-ordinate  of  a  chord  of  the  curve  the  length  of  which  is  equal 
to  the  length  of  the  car.  Where  the  distance  from  centre  to  centre  of 
trucks  is  seven-tenths  (0.7)  of  the  length  of  the  car,  X  equals  Z;  where 
this  distance  is  greater  than  seven-tenths  (0.7)  of  the  length  of  the  car, 
X  is  greater  than  Z;  and  where  less  than  seven-tenths  (0.7)  of  the  length 
of  the  car,  X  is  less  than  Z.  Where  X  and  Z  are  not  equal,  the  total  over- 
hang should  be  assumed  as  twice  the  larger,  or  else  due  account  should 
be  taken  of  the  fact  that  they  are  not  equal,  if  the  difference  is  appre- 
ciable. Unless  otherwise  specified,  the  clearance  should  be  figured  for  a 
car  eighty-five  (85)  feet  long  and  sixty  (60)  feet  between  truck  centres. 
In  this  case  X  will  equal  Z,  and  will  be  one  (1)  inch  for  each  degree  of 
curvature. 

sh 
Y  is  to  be  taken  equal  to  — ,  where  s  is  the  superelevation  of  the  outer 
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rail  in  inches  and  h  equals  the  greatest  height  of  the  car  in  feet  above 
base  of  rail.  In  no  case  should  it  be  assumed  greater  than  fifteen  (15) 
feet,  making  the  maximum  value  of  Y  equal  to  3s.  The  effect  of  the 
tilting  of  the  car  is  taken  into  account  on  the  inside  of  the  curve  only. 
On  the  outside  thereof  the  clearance  is  really  increased  by  the  tilting, 
but  this  increase  is  so  small  (usually  less  than  one  inch")  that  it  should 
be  neglected. 

When  the  outer  rail  is  not  superelevated,  Y  becomes  zero.  When 
Y  is  zero  and  X  equals  Z,  the  centre  line  of  the  span  bisects  the  mid- 
ordinate  of  the  curve  for  a  chord  equal  to  the  span  length.  This  is  true 
in  both  square  and  skew  spans.  In  a  skew  span,  however,  it  should  be 
noted  that  the  loads  on  the  two  girders  or  trusses  are  not  balanced  as 
they  are  in  a  square  span.  The  offsets  from  the  inside  girder  to 
the  curve  at  its  ends  are  equal,  thus  producing  balanced  loads  about  the 
centre;  however,  for  the  outside  girder  these  offsets  are  different,  the 
one  at  the  acute  angle  being  larger  than  that  at  the  obtuse  angle — ^the 
difference  depending  on  the  amount  of  skew — thus  giving  unsymmetrical 
loads  on  the  girder.  The  moments  and  shears  on  the  inside  girder  can, 
therefore,  be  figured  the  same  as  for  a  square  span.  However,  the  out- 
side girder  should  be  computed  for  loads  from  the  part  of  the  curve  be- 
tween its  ends,  if  the  difference  in  the  offsets  is  of  sufficient  importance 
to  warrant  such  a  consideration. 


CHAPTER  IX 

WIND  LOADS,  VIBRATION  LOADS,  AND  TRACTION  LOADS 

The  wind  pressure  per  square  foot  of  exposed  surface  for  which  bridges 
should  be  designed  has  always  been  an  unsettled  matter.  Many  experi- 
ments looking  toward  its  solution  have  been  made,  but  the  force  in  question 
is  such  a  variable  one,  and  is  so  greatly  influenced  by  many  factors  which 
are  difficult  to  control,  that  the  results  are  not  all  accordant.  It  is  generally 
agreed,  however,  that  the  pressure  on  any  particular  surface  varies  with 
the  square  of  the  velocity  of  the  wind,  and  that  the  intensity  diminishes 
as  the  area  acted  upon  increases.  In  general,  the  intensity  on  a  plane 
surface,  normal  to  the  direction  of  the  wind,  can  be  expressed  by  the 
formula, 

P  =  KV\  [Eq.  1] 

where  P  is  the  pressure  in  pounds  per  square  foot,  and  V  is  the  velocity 
in  miles  per  hour.  The  value  of  K  cannot  be  given  with  any  certainty, 
but  is  generally  considered  to  lie  between  0.003  and  0.005,  most  of  the  later 
writers  assuming  it  as  0.004  or  less.  In  the  1910  edition  of  "Modern 
Framed  Structures"  the  values  0.0032  and  0.004  are  both  given,  the  smaller 
figure  being  considered  the  more  likely  of  the  two;  but  some  other  author- 
ities prefer  the  higher  figure.  For  a  velocity  of  one  hundred  (100)  miles 
per  hour,  which  rarely  occurs  in  the  United  States  except  in  tornadoes, 
the  resulting  pressures  from  the  two  values  given  above  are  thirty-two 
(32)  and  forty  (40)  pounds  per  square  foot.  It  is  evident,  therefore,  that 
the  highest  probable  unit  pressure  that  will  be  developed,  on  a  bridge  in 
ordinary  localities  will  lie  between  thirty  (30)  and  forty  (40)  pounds  per 
square  foot.  As  the  wind  is  rarely  uniform  over  any  extended  area,  the 
average  pressure  on  a  span  of  any  size  will  be  considerably  below  these 
figures.  Furthermore,  a  wind  pressure  in  excess  of  thirty  (30)  pounds 
would  overturn  high,  empty  box  cars,  so  that  a  greater  pressure  than 
this  would  never  be  assumed  to  act  in  conjunction  with  the  live  load.. 

Specifications  have  frequently  called  for  unit  pressures  as  high  as  fifty 
(50)  pounds  per  square  foot  on  the  unloaded  structure,  and  from  thirty 
(30)  to  forty  (40)  pounds  on  the  loaded  structure.  These  intensities  have 
generally  been  used  in  designing  the  main  members  of  the  lateral  system; 
but  pressures  of  half  the  amounts  would  almost  always  have  caused  failure 
in  the  connections  employed  for  the  lateral  members,  and,  in  pin-connected 
single  track  spans,  would  have  buckled  the  bottom  chords  when  the 
structure  was  empty.     C.  Shaler  Smith,  the  noted  bridge  engineer,  after 
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an  extended  examination  of  existing  bridges,  came  to  the  conclusion  that 
it  was  very  doubtful  if  bridges  other  than  those  of  short  span  ever  had  to 
withstand  pressures  much  in  excess  of  thirty  (30)  pounds  per  square  foot. 
It  is  beheved,  therefore,  that  the  following  intensities  provide  amply  for 
all  probable  effects  of  wind,  although  in  certain  localities  it  might  be 
thought  advisable  to  increase  the  pressures  for  the  unloaded  structures. 

First.  For  the  unloaded  structure,  pressures  per  square  foot  of  about 
thirty-five  (35)  pounds  for  spans  two  hundred  (200)  feet  long,  and  thence 
decreasing  to  thirty  (30)  pounds  for  spans  six  hundred  (600)  feet  long, 
and  to  twenty-five  (25)  pounds  for  spans  one  thousand  (1,000)  feet  or 
more  in  length. 

Second.  For  the  loaded  structure,  a  pressure  of  thirty  (30)  pounds  per 
square  foot  for  spans  two  hundred  (200)  feet  or  less  in  length,  ranging 
down  to  twenty-five  (25)  pounds  for  spans  six  hundred  (600)  feet  long,  and 
to  twenty  (20)  pounds  for  spans  one  thousand  (1,000)  feet  or  more  in  length. 
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Fig.  9a.     Wind  Pressures  on  Inclined  Surfaces  per  Duchemin's  Formula. 

For  bridges  carrying  highway  traffic  only,  the  live  load  and  the  wind  load 
will  not  be  considered  to  act  simultaneously,  for  the  reason  that  no  person 
would  ever  venture  upon  the  structure  when  there  exists  a  wind  pressure 
per  square  foot  of  anything  like  thirty  (30)  pounds. 

The  intensities  above  discussed  have  referred  entirelj^  to  pressures 
on  surfaces  normal  to  the  direction  of  the  wind.  It  is  frequently  neces- 
sary to  know  the  amount  of  pressure  on  surfaces  which  make  an  oblique 
angle  with  its  direction.  The  formula  most  generally  employed  for  this 
purpose  is  Duchemin's,  which  is 

P^^P  ^^,  lEq.  21 

1  -|-  sm^  a 

where  a  =  Angle  between  the  surface  and  the  direction  of  the  wind, 

P  =  Pressure  per  square  foot  on  a  surface  normal  to  the  direction  of 
the  wind, 
and     Pn  =  Normal  component  of  this  pressure. 
The  curve  in  Fig.  9a  gives  ratios  of  Pn  to  P  for  various  values  of  a. 

In  Fig.  96  are  given  the  author's  specified  wind  pressures  and  vibration 
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loads  per  lineal  foot  of  span  for  the  loaded  and  the  unloaded  chords  of 
both  single-track  and  double-track  railway  truss  bridges.  In  Fig.  9c  are 
shown  the  areas  per  lineal  foot  of  span  opposed  to  the  wind  by  single- 
track  and  double-track  railway  bridges.  From  this  last  diagram  the  wind 
pressures  per  hneal  foot  of  span  given  in  Fig.  96  were  computed  hi/  using 
the  intensities  previously  noted. 

It  is  really  only  in  long-span  railway  bridges  that  the  specified  wind 
pressm-e  cuts  any  figure;  because,  in  spans  of  ordinary  length,  the  vibra- 
tion load  (to  be  mentioned  later)  will  govern  the  design  of  the  lateral 
system;  and  modern  live  loads  are  so  heavy  that  the  combined  live,  impact, 
dead,  and  wdnd  load  stresses  with  the  allowable  increase  in  intensities  of 
working  stresses  usually  require  less  sectional  area  than  the  combined  live, 
impact,  and  dead  load  stresses  with  the  ordinary  intensities,  except  where 
the  wind  produces  transverse  bending  in  a  member,  as  in  the  end-posts  of 
through  bridges.  While  the  wind  load  may  reverse  the  stresses  in  certain 
members,  this  is  of  no  importance  in  riveted  structures,  which  are  adopted 
almost  exclusively  for  short  spans;  and  even  in  pin-connected  bridges  the 
stiffening  of  the  end  sections  of  the  bottom  chords,  which  is  specified  to-day 
for  all  first-class  structures  of  this  type,  will  generally  take  care  of  any 
reversals  that  may  occur.  However,  the  wind  stresses  should  alwaj^s  be 
figured  for  any  bridge,  unless  the  designer  be  very  familiar  with  structures 
of  just  the  type  he  has  employed  for  the  case  in  hand;  and  the  test  for 
AAand  combination  should  invariably  be  made,  as  it  may  cause  a  slight 
increase  here  and  there  in  the  sections  of  main  members.  The  test  for 
anchorage  against  overturning  should  always  be  made,  particularly  in  the 
case  of  high  trestles. 

The  wind  loads  for  highway  and  electric  railway  truss  bridges  adopted 
in  the  specifications  of  Chapter  LXXVIII  are  given  in  Fig.  9d.  The 
curves  of  wind  loading  for  Class  A  highway  bridges  are  also  to  be  used  for 
electric  railway  spans  when  no  live  load  is  on  the  structure.  The  same 
curves  are  also  to  be  employed  when  the  live  load  is  on  the  bridge,  except 
that  in  no  case  should  the  wind  load  on  the  loaded  chords  be  taken  less 
than  480  lbs.  per  lineal  foot  of  span.  The  diagram  in  Fig.  9d  was  com- 
puted for  a  clear  roadway  of  twenty  (20)  feet.  For  wider  structures  the 
wind  loads  on  the  loaded  chords  are  to  be  increased  two  (2")  per  cent  for 
each  foot  of  width  in  excess  of  twenty  (20) .  For  instance,  a  six  hundred  and 
forty  (640)  foot  highway  bridge  of  Class  A  has  a  clear  roadway  of  thirty 
(30)  feet  betAveen  trusses  and  two  exterior  foot-walks  each  ten  (10)  feet 
wide  in  the  clear — what  are  the  proper  wind  loads  to  adopt?  The  diagram 
gives  470  lbs.  per  foot  for  the  loaded  chord  and  310  lbs.  per  foot  for  the 
unloaded  chord.  These  figures  are  to  be  increased  by  a  percentage  equal 
to  2  (30  +  2  X  10  -  20)  =  60,  making  them  respectively  750  and  500. 

The  proper  wind  loads  to  adopt  for  combined  railway  and  highway 
bridges  will  have  to  be  determined  for  each  case  as  it  arises  by  the  use  of 
trained  judgment.     A  fairly  good  rule  therefor  is  the  following: 
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Find  approximately  the  sum  of  the  various  hve,  impact,  and  dead  loads 
for  the  combined  bridge,  and  the  correspondmg  sum  for  a  similar  railroad 
bridge  without  the  highway  attachment,  and  call  the  ratio  of  these  sums 
r  (greater  than  unity).  The  wind  pressures  per  foot  for  both  the  loaded 
and  the  unloaded  chords,  given  in  Fig.  96,  should  then  be  increased  by  a 
percentage  equal  to  25  (r  —  1). 

The  proper  wind  loads  to  use  in  designing  railway,  highway,  and 
electric  railway  girder  spans,  trestles,  viaducts,  and  elevated  railroads  are 
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Fig.  9cZ.     Wind  Loads  for  Highway  and  Electric  Railway  Bridges. 


specified  in  Chapter  LXXVIII.  The  proper  loads  for  the  design  of  movable 
bridges  are  also  indicated  therein.  It  will  be  noted  that  the  maximum 
wind  loads  while  the  movable  spans  are  being  operated  are  taken  only  one- 
half  as  great  as  those  assumed  Avhen  the  span  is  at  rest.  This  is  because 
no  vessel  would  dare  to  navigate  with  a  wind  pressure  greater  than  fifteen 
(15)  pounds  per  square  foot.  For  swing  spans,  it  is  specified  that  the 
machinery  shall  be  capable  of  holdmg  the  span  in  any  position  against  an 
unbalanced  wind  load  of  ten  (10)  pounds  per  square  foot  over  the  entire 
exposed  area  of  one  arm,  also  that  it  shall  op(n-ate  the  span  in  the  specified 
time  against  a  similar  unbalanced  wind  load  of  one  pound  per  square  foot. 
It  is  further  provided  that  the  span  shall  be  effectively  anchored  (either 
l)y  its  own  weight  or  by  special  detail)  against  the  effect  of  an  upward 
wind  load  of  from  ten  (10)  to  fifteen  (15)  pounds  per  scjuare  foot  on  the 
total  area  of  the  horizontal  projection  of  one  arm  of  the  span. 
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For  bascules,  it  is  specified  that  the  machinery  shall  be  able  to  hold  the 
span  in  any  position  against  a  wind  pressure  of  fifteen  (15)  pounds  per 
square  foot,  and  to  operate  it  in  the  specified  time  against  a  wind  pressure 
of  two  (2)  pounds  per  square  foot,  on  the  exposed  area  as  seen  in  vertical 
projection.  The  vertical  lift  bridge  is  also  required  to  operate  in  the  speci- 
fied  time  against  a  horizontal  wind  pressure  of  two  (2)  pounds  per  square 
foot,  but  the  effect  of  this  is  very  slight,  being  confined  to  the  friction  in  the 
guides.  There  is  probably  a  slight  vertical  wind  pressure  at  times  on  the 
floor  of  a  lift  bridge;  but  it  will  have  practically  no  effect  on  the  time  of 
operation,  and  as  the  maximum  probable  pressure  during  the  action  of  the 
fifteen  (15)  pomid  A\'ind  specified  above  would  not  stress  the  operating 
ropes  imduly,  its  existence  can  be  entirely  ignored.  For  all  types  of 
movable  bridges  an  increase  of  thirty  (30)  per  cent  in  the  regularly  specified 
unit  stresses  for  main  structural  parts,  and  of  one  hundred  (100)  per  cent 
for  machinery  parts,  is  permitted  when  the  maximum  wind  pressure  is 
actmg. 

The  principal  effects  of  wind  loads  on  bridge  structures  are  as  follows: 

First.  They  produce  direct  stresses  in  the  members  of  the  lateral 
systems  and  sway  bracing. 

Second.  They  produce  direct  stresses  in  the  chords  of  the  main  trusses 
when  they  serve  as  the  chords  of  the  lateral  system,  as  is  usually  the  case. 

Third.  The  transference  of  the  wind  pressure  on  the  train  down  to 
the  plane  of  the  lateral  system  which  carries  it  to  the  end  of  the  span  pro- 
duces vertical  reactions  on  the  main  trusses. 

Fourth.  The  carrying  of  wind  shears  by  the  transverse  strength  of 
main  members,  as  in  the  end  posts  of  through  bridges,  causes  bending 
moments  in  the  said  main  members,  and  frequently  in  their  connections 
or  supports. 

Fifth.  The  transference  of  wind  shears  by  vertical  or  inclined  bracing 
gives  rise  to  transferred  loads,  which  frequently  produce  stresses  in  the 
main  truss  members. 

Sixth.     They  tend  to  overturn  the  structure  as  a  whole. 

Seventh.     In  movable  spans,  they  put  additional  loads  on  the  machinery. 

The  vibration  load  is  a  transverse  loading,  generally  in  excess  of  the 
AA-ind  load,  which  is  applied  solely  to  the  lateral  bracing  of  railway  bridges. 
The  stresses  which  it  produces  are  not  to  be  added  to  any  other  stresses, 
its  sole  object  being  to  ensure  sufficient  sectional  areas  for  lateral  members 
in  order  to  attain  proper  rigidity  for  the  structure*  as  a  whole.  For  the 
loaded  chords  of  through  and  deck  spans,  and  for  viaduct  towers,  its  value 
is  to  be  taken  at  seven  hundred  (700)  pounds  per  lineal  foot  for  single- 
track  structures,  and  eight  hundred  and  fifty  (850)  pounds  per  lineal 
foot  for  double  track  structures.  For  the  unloaded  chords  the  correspond- 
ing figures  are,  respectively,  three  hundred  (300)  and  three  hundred  and 
fifty  (350).  Highway  and  electric  railway  bridges  are  not  to  be  figured 
for  vibration  loads. 
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The  "traction"  load  on  bridges  is  the  longitudinal  force  caused  by 
the  starting  or  stopping  of  a  train  or  electric  car.  The  stopping  or  braking 
effort  is  usually  much  in  excess  of  the  starting  force.  For  ordinary  railway 
traffic,  the  maximum  braking  effort  that  may  be  expected  will  be  about 
twenty  (20)  per  cent  of  the  weight  on  the  drivers  of  the  locomotive,  about 
ten  (10)  per  cent  of  the  weight  of  the  fully  loaded  tender,  about  seventeen 
(17)  per  cent  of  the  light  weight  of  freight  cars,  and  about  twenty  (20) 
per  cent  of  the  light  weight  of  passenger  cars.  Empty  freight  cars  will 
rarely  weigh  over  twelve  hundred  (1,200)  pounds  per  lineal  foot,  or  empty 
passenger  cars  over  two  thousand  (2,000)  pounds  per  lineal  foot.  The 
total  braking  force  exerted  by  a  train  will,  therefore,  be  about  fifteen  (15) 
per  cent  of  the  weight  of  engine  and  loaded  tender,  plus  a  load  per  lineal 
foot  of  cars  back  of  the  tender  amounting  to  about  two  hundred  (200) 
pounds  for  freight  trains  and  four  hundred  (400)  pounds  for  passenger 
trains.  As  the  uniform  load  assumed  for  a  Class-50  loading  is  five  thousand 
(5,000)  pomids  per  lineal  foot,  the  proper  braking  coefficient  for  this  uniform 
load  will  be  about  four  (4)  per  cent  for  freight  cars  and  eight  (8)  per  cent 
for  passenger  cars.  For  Class-40  loading  the  corresponding  percentages 
are  five  (5)  and  ten  (10).  Since  the  heavy,  double-header  engines  speci- 
fied for  the  standard  loadings  are  rarely  used  except  with  freight  traffic, 
it  is  evident  that  the  proper  coefficient  to  be  applied  to  the  uniform  load 
back  of  the  engines  is  about  five  (5)  per  cent.  For  very  short  loaded 
lengths,  therefore,  the  traction  force  should  ]je  assumed  at  twenty  (20) 
per  cent  of  the  maximum  live  load;  and  this  percentage  should  decrease 
to  fifteen  (15)  per  cent  for  spans  about  one  hundred  and  twenty  (120) 
feet  long,  and  to  ten  (10)  per  cent  for  spans  about  two  hundred  and  fifty 
(250)  feet  long.  The  specifications  of  Chapter  LXXVIII  provide  that  the 
percentage  shall  be  determined  by  the  formula, 

"  -,  with  Tmax  =  20  and  T^tn  =  10, 


140  +  L' 


where  T  =  percentage  of  total  load  to  be  used  as  the  tractive  force, 
and     L  =  loaded  length  in  feet. 

By  this  formula,  for  all  lengths  of  sixty  (60)  feet  or  less  T  will  equal  twenty 
(20)  per  cent,  and  for  all  lengths  of  two  hundred  and  sixty  (260)  feet  or 
more  T  will  equal  ten  (10)  per  cent.  The  curve  in  Fig.  9e  gives  the  values 
of  T  for  various  loaded  lengths. 

For  electric  railway  cars,  the  traction  load  should  be  assumed  as  twenty 
(20)  per  cent  of  the  total  load  on  the  portion  of  the  structure  in  question, 
irrespective  of  the  loaded  length,  as  there  is  little  difference  between  the 
weights  of  full  and  empty  cars. 

The  only  portions  of  a  truss  bridge  really  affected  by  the  traction  load 
are  the  floor  system,  the  lateral  system  adjacent  to  the  loaded  floor,  and 
the  chords  near  that  floor;  Ijut  the  traction  force  should  be  transferred 
immediately  from  the  stringers  to  the  lateral  system  and  from  it  to  the 
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main  truss(>s  without  bending  the  floor-])eams  transversely.  Its  effect 
on  the  chords  can  generally  l)e  ignored  because  of  its  infrequ-^nt  occurrence, 
unless  some  abnormal  detailing  should  cause  secondary  stresses  of  undue 
magnitude;  consequently,  when  proper  detailing  is  used  in  the  lateral 
system,  as  explained  in  Chapters  XX,  XXII,  and  LXXVIII,  the  effects  of 
traction  loading  may  be  ignored  in  truss  bridges.  But  in  railway  trestles 
it  is  quite  another  matter;  for  in  them  it  is  a  most  important  factor,  govern- 
ing as  it  does  the  economic  span  length,  because  of  its  great  effect  on  the 
longitudinal  bracing  of  towers  and  on  the  column  sections.  In  highway 
bridges  and  trestles  no  attention  need  be  paid  to  traction  loading,  unless 
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the  structure  carry  also  a  street  railway;  for  there  is  usually  no  way  in 
which  to  produce  from  an  ordinary  highway  live  load  any  thrust  worthy 
of  consideration. 

The  effect  on  traction  loading  of  cormecting  adjacent  trestle-towers 
by  riveting  the  intermediate  girders  to  both  of  them  is  simply  to  reduce  the 
average  thrust  per  lineal  foot  of  structure  on  account  of  the  cars  being  lighter 
per  lineal  foot  than  the  engines  and  tenders.  Such  an  arrangement  must 
not  be  assumed  to  halve  the  thrust  moment  by  putting  a  plane  of  contra- 
flexure  near  mid-height  of  tower;  because  to  accomplish  this  the  tops  of 
the  towers  would  have  to  be  truly  fixed  by  the  longitudinal  girders,  a 
condition  that  a  simple  calculation  will  show  to  be  impracticable. 


CHAPTER  X 


METHODS   OF   STRESS    COMPUTATION 


It  is  not  the  intention  in  writing  this  chapter  to  handle  the  subject  of 
stresses  in  the  manner  in  which  it  is  treated  in  the  numerous  text-books  on 
bridges,  for  these  can  be  referred  to  by  any  one  desiring  information  con- 
cerning the  mathematics  of  the  subject;  but  simply  to  describe  the  various 
methods  that  are  used  by  the  engineering  profession  and  to  discuss  their 
merits  and  demerits. 

The  oldest  method  of  finding  stresses  in  truss  members  is  the  analytic, 
and  for  trusses  having  equal  panel  lengths  and  parallel  chords  there  is  no 
other  so  simple  and  rapid;  for  with  a  table  of  coefficients,  such  as  those 
given  in  this  and  other  treatises,  and  by  using  a  sUde  rule,  it  is  the  work 
of  only  a  very  few  minutes  to  obtain  the  live-load  stresses,  the  impact- 
load  stresses,  and  the  dead-load  stresses  for  a  span  of  any  ordinary  length, 
provided  equivalent  five  loads  and  not  wheel  concentrations  be  employed. 
But  when  the  panels  are  not  of  equal  length  or  when  the  chords  are  not 
parallel,  the  graphic  method  is  far  superior  to  the  analytic.  The  former 
method  is  an  old  one,  in  fact,  nearly  as  old  as  the  latter;  but  it  has  been 
enlarged  and  improved  from  time  to  time  until  now,  as  it  is  treated  in 
the  leading  text-books,  it  is  probably  as  perfect  as  it  can  well  be  made. 
It  certainly  is  as  clear  and  pretty  a  means  of  solving  problems  as  one  can 
imagine;  and  every  student  of  engineering  should  be  taught  it  so  thor- 
oughly that  he  will  be  able  to  use  it  just  as  readily  as  a  clever  schoolboy 
uses  the  four  primary  rules  of  arithmetic.  European  students  of  engineer- 
ing are  taught  graphics  much  more  thoroughly  than  are  students  in 
American  technical  schools;  and,  in  the  author's  opinion,  the  curricula 
of  the  latter  would  be  decidedly  improved  if  their  directors  would  follow 
the  European  lead  in  the  treatment  of  this  subject. 

In  Tables  10c  to  10/,  inclusive,  at  the  end  of  this  chapter,  are  given 
the  coefficients  for  finding  the  live-load  and  dead-load  stresses  in  chords 
and  webs  of  Pratt  truss  and  Triangular  truss  bridges  having  parallel  chords 
and  panels  of  uniform  length;  but  the  bridge  computer  should  not  be 
dependent  on  these  tables,  for  he  should  be  able  to  compute  and  record 
almost  as  rapidly  as  he  can  write  them  the  coefficients  for  spans  of  these 
types  ha\ing  any  numl)er  of  panels.  There  is  no  need  for  explaining  how 
to  make  the  computations,  as  the  method  is  such  a  simple  one;  but  there 
is  one  principle  in  it  that  the  author  has  been  using  for  thirty-five  years, 
and  which  his  assistants  assure  hira  is  not  covered  in  the  text-books  on 
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bridges,  viz.,  that  the  stress  coefficient  for  any  member  of  a  chord  for  any 

position  of  loading"  is  equal  to  the  sum  of  the  stress  coefficients  (for  the 
same  position  of  loading)  of  all  the  diagonals  which  attach  to  the  chord 
between  the  member  in  question  and  the  end  of  the  span,  provided  that 
the  shear  does  not  change  sign  in  that  distance.  Usually  it  is  necessary 
to  figiu-e  the  chord  stresses  for  the  dead  load  only  and  to  find  those  for 
the  hve  load  by  proportion,  using  the  shde  rule. 

The  anal>-tic  metliod  of  computmg  stresses  in  trusses  with  polygonal 
chords,  as  given  m  the  text-books,  is  lengthy  and  tedious.  A  far  more 
simple  method  has  been  worked  up  of  late  years  in  the  author's  office 
by  one  of  the  computers  who  is  not  as  much  addicted  as  the  author  to 
the  use  of  grajihics;  and  in  the  hope  that  it  may  prove  useful,  it  is  here 
presented.     Briefly  stated,  it  is  as  follows: 

First  find  the  coefficient  as  if  the  chords  were  parallel,  and  record  them. 
The  stress  in  any  chord  member  is  then  found  by  multiplying  its  coefficient 
by  the  ratio  of  length  of  the  member  to  the  length  of  the  post  in  the  same 
truss  triangle  yand  multiplying  the  product  by  the  panel  load.  The  total 
shear  in  any  panel  is  the  same  as  for  a  truss  with  parallel  chords;  but  onJy 
a  portion  of  this  shear  is  carried  by  the  web  member,  the  inclined  upper 
chord  taking  care  of  the  remainder.  The  amount  of  shear  carried  by 
any  chord  member  is  equal  to  the  vertical  component  of  its  stress,  and 
can  be  found  by  dividing  the  said  stress  by  the  cosecant  of  its  angle  of 
inchnation  with  the  horizontal.  To  find  the  dead-load  shear  in  any  web 
member,  it  will  be  simplest  to  compute  the  shear  thereon  as  for  a  truss  with 
parallel  chords,  and  then  subtract  from  this  figure  the  shear  carried  by  the 
chord  member  in  the  same  truss  triangle.  The  same  procedure  is  followed 
essentiall}'  in  figuring  the  live-load  stresses.  As  it  would  involve  much 
extra  work  to  calculate  the  chord  stresses  for  the  various  positions  of  the 
hve  load,  the  shear  in  any  member  is  found  in  the  following  manner:  The 
total  shear  on  the  truss  at  the  point  in  question  is  equal  to  the  reaction 
R  at  the  support  ahead  of  the  train.  The  horizontal  component  H  of  the 
stress  in  the  chord  member  which  carries  part  of  this  shear  is 

Rnip 

where  7?  is  the  panel  length,  d  the  length  of  the  post  in  the  same  truss 
triangle  as  the  chord  member,  and  n\  the  number  of  panels  from  the 
support  to  the  said  post.  The  vertical  component  V  of  this  chord  stress, 
which  is  the  shear  carried  by  the  chord  member,  is  given  by  the  formula, 

V  =  ^  =  :?M 
p  d~' 

in  which  y  is  the  difference  between  d  and  the  length  of  the  post  at  the 

other  end  of  the  chord  member.     The  shear  F^  on  the  web  member  itself 

is,  therefore, 
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The  quantity  R  is  the  shear  which  would  act  on  the  member  if  the  truss 

had  parallel  chords,  which  quantity  is  easily  calculated.     The  quantity 

V^  is  equal  to  the  stress  in  a  post,  but  must  be  multiplied  by  sec.  d  to 

give  the  stress  in  a  diagonal.     Attention  must  be  paid  to  the  sign  before 

the  term  Uiy.     It  is  negative  for  main  diagonal  stresses  and  positive  for 

coimter-stresses. 

The  computation  of  stresses  in  a  truss  by  the  above  method  is  carried 

through  in  the  following  manner:  A  diagram  of  the  truss  is  first  laid  out, 

and  the  lengths  of  all  the  members  are  calculated  and  noted  thereon.     The 

stress  coefficients  are  then  determined  as  for  a  truss  with  parallel  chords, 

and  written  on  the  various  members.     The  value  of  sec  d  is  computed  for 

each  diagonal,  and  noted  thereon.     The  ratio 

length  of  member  .      .        .         ,  „  i_    i      j 
^-^ ; IS  then  figured  iot*  each  chord  mem- 
length  of  post  in  same;  truss  triangle 

ber  and  also  written  thereon.     There  is  next  calculated  for  each  top  chord 

member  the  cosecant  of  its  angle  of  inclination  with  the  horizontal,  and  also 

the  value  of  the  expression ,       ,  both  of  which  quantities  are  written 

above  the  member. 

The  panel  dead  loads  are  then  computed.  The  upper  and  lower  chord 
concentrations  must  be  separated  for  the  calculation  of  the  post  stresses, 
but  their  sum  is  to  be  used  for  all  other  members.  The  dead-load  chord 
stress  is  then  found  for  any  member  by  multiplying  this  panel  load  by  the 
product  of  the  proper  stress  coefficient  and  the  ratio, 

length  of  member  ^,        ,  .      , ,  .  , 

■ — ;: : .     ihe    shears    m    the    various    web 

length  of  post  m  same  truss  triangle 

members  are  then  computed  as  for  a  truss  with  parallel  chords;  and  the 
shear  in  each  member  is  reduced  by  the  vertical  component  of  the  stress 
in  the  proper  chord  member,  found  as  explained  previously.  The  results 
give  directly  the  post  stresses;  but  they  must  be  multiplied  by  the  proper 
secants  in  order  to  obtain  the  stresses  in  the  diagonals.  The  stress  in 
the  hip  vertical,  of  course,  is  simply  the  load  at  its  foot. 

The  panel  live-load  concentrations  are  next  figured.  The  live-load 
chord  stresses  are  then  found  by  multiplying  the  dead-load  stresses  by 
the  ratio  of  the  panel  live  load  to  the  panel  dead  load.  The  live-load  post 
stresses  are  found  by  multiplying  the  panel  load  by  the  products  of  the 

stress  coefficients  and  the  ratios  -z — -  for  the  various  members;   and 

the  live-load  diagonal  stresses  by  forming  similar  products,  and  then  mul- 
tiplying them  by  the  proper  secants. 

In  the  early  eighties  there  came  into  vogue  the  concentrated  wheel- 
load  method  of  finding  stresses  in  bridge  members;  and  while  its  estab- 
lishment was  certainly  an  important  addition  to  engineering  knowledge. 
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its  enforced  use  has,  for  the  last  thirty  years,  been  a  needless  burden  on 
bridge  computers.  Tins  method  very  properly  is  taught  in  alj  the  engineer- 
ing schools,  but  those  professors  who  are  deficient  in  actual  experience 
in  comiHiting  bridges  sometimes  fail  to  point  out  how  burdensome  it  is 
and  to  explain  tliat  the  equivalent  uniforrn  load  method  gives  results  which 
agree  closely  enough  for  all  practical  purposes  with  the  so-called  exact 
method.  These  professors  fail  to  recognize  the  fact  the  the  wheel  loads 
specified  are  merely  t\q)ical,  that  in  aU  probability  no  train  with  wheel 
spacings  and  loadings  exactly  or  even  very  nearly  coincident  tlu-oughout 
with  those  of  the  assumed  loading  will  ever  pass  over  the  bridge,  and  that, 
coasequently,  there  is  no  need  for  hair-splitting  exactness  in  finding  the 
various  stresses,  especially  when  such  refinement  demands  far  more  time 
than  the  equivalent  method. 

About  the  end  of  1891  the  author  presented  to  the  American  Society 
of  Civil  Engineers  a  paper  entitled  "Some  Disputed  Points  in  Railway 
Bridge  Designing,"  and  obtained  for  it  a  most  thorough  discussion  by 
more  than  forty  members  of  the  Society.  In  it  he  made  a  vigorous  attack 
upon  the  "Concentrated  Wheel  Load  Method"  of  computing  stresses; 
and  this  point  received  much  more  attention  in  the  discussion  than  any 
of  the  other  points  raised.  After  the  publication  of  the  paper  he  con- 
tinued his  investigations  of  this  subject  and  published  the  results  from 
time  to  time  in  the  technical  press,  evoking  considera})le  comment.  The 
original  paper,  with  the  discussions,  and  all  the  subsequent  papers  have 
been  collected  and  published  by  Mr.  Harrington  in  "Principal  Professional 
Papers."  The  reader  who  desires  to  study  the  history  of  this  question 
and  to  assure  himself  of  the  correctness  of  the  statement  that  the  equivalent 
load  method  is  practically  as  correct  as  the  wheel  concentration  method 
is  referred  to  that  book. 

As  it  behooves  every  bridge  engineer  to  understand  thoroughly  the 
wheel  concentration  method  of  computing  stresses,  because  by  this  the 
equivalent  load  curves  are  determined,  there  will  now  be  given  a  concise 
but  complete  description  of  the  said  method  and  its  operation.  The  first 
thing  to  be  done  with  any  newly  established  live  loading  of  wheel  con- 
centrations is  to  prepare  what  is  termed  an  "engine  diagram,"  such  as 
the  one  shown  in  Table  10a  for  Class  50  live  load.  To  do  this,  the  wheel 
loads  and  their  spacings  are  laid  out  very  accurately  to  some  convenient 
scale,  and  vertical  lines  are  drawn  through  the  centers  of  the  wheels  and 
one  through  the  head  of  the  uniform  load.  The  wheels  are  indicated  by 
circles,  those  for  the  pilot  wheels  l^eing  small,  those  for  the  tender  wheels 
larger,  and  those  for  the  drivers  still  larger;  and  the  uniform  load  is  shown 
by  a  shallow  shaded  rectangle.  The  wheels  are  numbered  inside  of  the 
circles,  begitming  with  the  pilot  of  the  leading  engine.  Along  the  vertical 
line  above  each  wheel  is  written  the  axle  load  thereof  in  pounds,  and  over 
the  shaded  rectangle  is  marked  the  uniform  load  in  pounds  per  lineal  foot 
of  track.     The  wheel  spacings  are  then  recorded  just  below  the  wheels, 
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thus  completing  the  diagram  portion  of  the  table.  In  the  top  line  of  the 
table  proper  there  is  marked  on  the  left  of  the  vertical  line  through  each 
wheel  the  distance  of  the  said  wheel  from  the  pilot  Avheel  of  the  leading 
engine;  and  in  the  second  line  there  is  registered  on  the  right  side  of  each 
vertical  the  distance  of  the  wheel  through  which  it  is  drawn  from  the 
head  of  the  uniform  load.  In  the  third  line  there  is  noted  in  each  space 
between  consecutive  verticals  the  sum  of  all  the  axle  loads  to  the  left; 
and  in  the  fourth  line  there  are  similarly  recorded  the  summations  of  the 
axle  loads  to  the  right  of  the  various  points.  In  the  fifth  line  there  is 
entered  to  the  left  of  the  vertical  line  through  each  wheel  the  moment 
of  all  the  axle  loads  to  the  left  about  the  said  wheel.  In  the  sixth  line 
there  are  similarly  shown  the  moments  about  any  wheel  of  the  various 
loads  except  No.  1  to  the  left  thereof,  and  a  heavy  vertical  line  is  drawn 
midway  between  Wheels  1  and  2.  In  the  seventh  line  there  are  likewdse 
registered  the  moments  about  each  wheel  of  the  various  loads  to  the  left 
except  Nos.  1  and  2;  a  heavy  vertical  line  is  drawn  midway  between 
Wheels  2  and  3;  and  the  moment  of  the  axle  load  at  2  about  Wheel  No. 
1  is  written  to  the  right  of  the  vertical  line  through  Wheel  1.  To  fill 
in  the  remaining  Imes  of  the  table,  the  above  process  is  continued,  the 
heavy  vertical  line  being  drawn  successively  one  space  farther  to  the  right. 
The  number  recorded  in  any  horizontal  line  just  to  the  left  of  the  vertical 
through  any  wheel  (in  the  portion  above  the  heavy  stepped  line)  will  then 
represent  the  moment  about  the  said  wheel  of  the  loads  to  the  left  over 
to  the  said  heavy  stepped  line;  while  the  number  written  in  any  hori- 
zontal Hne  just  to  the  right  of  the  vertical  through  any  wheel  (in  the  por- 
tion below  the  heavy  stepped  line)  will  give  the  moment  about  the  said 
wheel  of  the  loads  to  the  right  over  to  the  said  heavy  stepped  hne.  As  a 
check  upon  the  work,  the  moments  about  Wheel  1  and  about  the  head  of 
the  uniform  load  should  be  computed  independently.  In  computing  the 
various  moments  for  an  engine  diagram  the  easiest  method  to  adopt  in 
finding  the  moment  at  any  wheel  is  to  add  to  the  moment  at  the 
preceding  wheel  the  product  of  the  sum  of  the  preceding  loads  by  the 
horizontal  distance  of  the  said  wheel  from  the  preceding  wheel. 

In  applying  such  a  diagram,  the  truss  to  be  figured  is  to  be  laid  out  by 
center  lines  to  exactly  the  same  scale  as  the  diagram;  and  it  must  not  be 
forgotten  that  blue-print  paper  shrinks  nearly  one  per  cent  of  both  its 
length  and  its  mdth  in  drying.  Failure  to  recognize  this  shrinkage  when 
using  blue-print  engine  diagrams  will  cause  errors  that  are  often  too  large 
to  be  negligible. 

The  criterion  for  maximum  shear  on  any  web  member  of  a  truss  with 
parallel  chords  and  equal  panel  lengths  is  that  the  load  on  the  panel  must 
be  made  as  nearly  as  possible  equal  to,  but  not  greater  than,  the  total  load 
on  the  span  divided  by  the  number  of  panels  in  the  span,  it  being  under- 
stood that  one  of  the  wheel  loads  is  to  be  placed  exactly  on  the  panel 
point  at  the  end  of  the  member  to  which  the  load  is  applied. 
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The  corresponding  criterion  for  any  web  member  of  a  truss  with  chords 
not  parallel  is  more  complicated,  for  in  that  case  the  load  on  the  panel 
must  l^e  made  as  nearly  as  possible  equal  to  but  not  greater  than  the 
total  load  on  the  span  divided  by  the  product  of  the  number  of  panels 

in  the  span  and  the  expression  (  1  +  -r),  where  a  is  the  distance  from  the 

panel  point  considered  to  the  end  of  the  span  ahead  of  the  train,  and  b 
is  the  distance  from  the  said  end  of  span  to  the  point  of  intersection  of 
the  produced  top-  and  bottom-chord  centre  hues. 

The  criterion  for  maximum  bending  moment  at  any  panel  point  of  any 
simple  truss  is  that  the  average  load  per  lineal  foot  ahead  of  the  said  panel 
point  must  be  as  nearly  as  possible  equal  to,  but  not  greater  than,  the 
average  load  per  lineal  foot  on  the  whole  span,  it  being  understood  that  one 
of  the  wheel  loads  is  to  cover  the  panel  point  considered.  It  must  be 
observed,  however,  that  usually  more  than  one  position  of  the  train  will 
comply  with  this  requirement;  consequently  it  will  be  necessary  to  search 
for  two  or  three  such  positions  and  adopt  the  one  that  proves  to  give  the 
greatest  bending  moment. 

While  it  is  undoubtedly  true  that  if  a  computer  is  provided  with  full 
tables  of  moments,  floor-beam  reactions,  and  end  shears  for  a  concentrated 
wheel  load  diagram,  he  can  figure  square,  deck,  plate-girder  spans  with 
about  the  same  facility,  and  can  find  the  stresses  in  square,  equal-paneled 
trusses  that  have  parallel  chords  by  the  expenditure  of  only  two  or  three 
times  the  amount  of  mental  energy  required  by  the  equivalent  uniform 
load  method;  it  cannot  be  denied  that  in  designing  half -through,  plate- 
girder  spans,  skew  bridges,  trusses  with  polygonal  top  chords,  trusses 
with  subdivided  panels,  swing  spans,  cantilevers,  arches,  and  suspension 
bridges,  the  work  involved  by  the  wheel-concentration  method  is  enor- 
mously in  excess  of  that  required  by  the  equivalent  uniform-load  method. 

If  one  will  take  a  Petit  truss  of,  say,  five  hundred  feet  span,  and  having 
a  polygonal  top  chord  and  the  usual  number  of  panels,  and  will  compute 
the  truly  greatest  live-load  stress  in  every  member  thereof,  he  will  find  that 
the  work  will  occupy  many  hours — possibly  a  day  or  more — while  the 
corresponding  stresses  by  the  equivalent  uniform-load  method  can  be 
found  in  less  than  a  single  hour.  Considering  the  fact  that  the  results 
of  the  two  computations  will  agree  very  closely  indeed,  that  the  assumed 
wheel  loads  and  their  spacings  are  merely  typical  and  are  not  hkely  to 
be  realized  at  all  closely  in  railroad  operation,  that  the  value  of  the  effect 
of  impact  is  extremely  uncertain  and  variable,  and  that  in  proportioning 
sectional  areas  of  members  a  computer  has  to  use  plates  and  shapes  of 
only  approximately  the  total  area  needed,  is  it  not  evident  that,  for  actual 
designing,  the  use  of  the  tedious,  hair-splitting,  heart-breaking  method  of 
wheel  computations  is  absurd?  Each  of  the  three  just-mentioned  un- 
certainties is  liable  to  involve  variations  from  exactness  far  greater  than 
the  differences  between  the  equivalent  uniform-load  method  and  the  so- 
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called  exact  wheel -concentration  method;  hence  it  seems  strange  that  there 
are  to-da>'  engineers  and  professors  of  civil  engineering  who  adhere  to  the 
latter  in  the  actual  tlesigning  of  bridges.  Of  course,  there  are  reasons  for 
this,  and  those  who  are  in  the  business  of  designing  and  building  bridges 
know  them,  even  if  the  knowledge  is  not  shared  by  the  profession  in 
general.  The  excuse  for  the  professors  is  that  they  and  their  students 
generally  confine  their  designing  to  the  simplest  kinds  of  structures,  viz., 
square,  deck,  plate-girder  spans,  and  square,  Pratt-truss  spans  with  parallel 
chords,  in  none  of  which  the  amount  of  extra  labor  involved  by  the  wheel- 
concentration  method  is  excessive.  Again,  professors  naturally  like  to 
exemplify  their  theory  by  exact  methods  of  computation,  leaving  to  the 
students'  future  practice  the  acquisition  of  short  cuts  and  labor-saving 
de\nces.  In  the  case  of  the  engineers  of  bridge  companies,  while  they 
undoubtedly  recognize  the  great  time-saving  qualities  and  the  satisfactory 
exactness  of  the  equivalent  uniform-load  method,  they  have  for  so  many 
3^ears  been  forced  by  the  railroad  companies  to  figm-e  stresses  by  the  wheel- 
concentration  method  that  the  habit  of  so  doing  has  become  second  nature 
to  them,  hence  their  willingness  to  run  along  in  the  same  old  ruts  year  after 
year,  wasting  time,  energy,  and  money  in  much  useless  figuring;  for  it 
must  not  be  forgotten  that  the  day  of  competitive  bridge  plans  has  not 
yet  passed,  and  that  consequently  about  eighty  per  cent  of  most  bridge 
companies'  computations  go  for  naught.  The  blame  for  this  wasted 
energj^  lies  primarily  with  the  railroad  officials,  who  can  understand  easily 
what  a  train  diagram  means,  but  do  not  care  to  take  the  time  or  trouble 
to  investigate  sufficiently  to  convince  themselves  of  the  purely  typical 
character  of  the  assumed  loading,  how  much  it  varies  from  actual  condi- 
tions, the  great  variation  in  exactness  in  the  assumed  impact,  the  close 
agreement  with  pure  theory  that  the  equivalent  uniform-load  method 
affords,  the  great  cost  of  making  computations  by  the  wheel-concentration 
method,  and,  finally,  the  fact  that  it  is  the  railroad  companies  who  eventu- 
ally pay  for  the  unnecessary  expense.  If  these  gentlemen  were  to  give  the 
subject  a  short  but  thorough  investigation,  the  enforced  use  of  the  wheel- 
concentration  method  of  figuring  stresses  would  soon  become  a  thing 
of  the  past;  and  it  is  to  be  hoped  that  the  pubfication  of  this  book 
will  aid  materially  in  overcoming  this  deplorable  waste  of  time,  brains, 
and  money. 

After  any  engine  diagram  has  been  adopted  as  a  standard,  in  order  to 
employ  instead  the  equivalent  uniform-load  method  the  first  thing  to  do 
is  to  prepare  curves  of  total  end  shears  and  of  equivalent  uniform  loads, 
such  as  those  sho\\'n  in  Figs.  6c,  Qd,  and  6e.  The  end  shears  are  required 
for  plate-girder  spans  only,  hence  there  is  no  necessity  for  carrying  the 
computations  beyond  the  limiting  span-length  for  such  structures,  or,  say, 
one  hundred  and  ten  (110)  feet.  The  amounts  are  figured  by  placing 
the  leading  driving  wheel  at  the  end  of  each  assumed  span  and  finding  the 
reaction  there,  then  plotting  the  results  on  a  diagram.     The  spans  figured 
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should  vary  in  length  by  five  (5)  feet  up  to  about  forty  (40)  feet,  and  by 
ten  (10)  feet  beyond  that  length. 

There  should  be  two  diagrams  of  equivalent  loads  prepared,  one  for 
plate-girder  spans  and  the  other  for  truss  spans.  For  the  former  the 
equivalents  can  be  computed  with  sufficient  accuracy  by  finding  the 
maximum  bending  moment  in  foot-pounds  at  mid-span  and  substituting 
it  for  M  in  the  formula, 

where  lu  is  the  equivalent  load  in  pounds  per  lineal  foot  and  I  is  the  length 
of  the  span  in  feet.  But  if  one  desires  to  be  extremely  accurate  he  should 
find  the  centre  of  gravity  of  the  total  live  load  on  the  span  and  move  the 
diagram  until  the  said  centre  of  gravity  and  the  wheel  load  formerly  at 
mid-span  are  equidistant  from  that  point,  then  compute  the  moment  at 
the  wheel  and  substitute  it  for  M  in  the  formula.  In  finding  the  equiv- 
alent uniform  loads  for  trusses,  if  one  will  figure  on  cars  preceding  as  well 
as  following  the  locomotives,  and  will  compute  the  maximum  moments 
at  the  quarter  points  of  the  spans,  then  substitute  them  for  M  in  the 
proper  formula,  he  will  obtain  the  best  averages  for  the  equivalent  load 
curves.  Even  then  he  will  find  that  the  plotted  points  do  not  lie  on  a 
regular  curve,  but  that  one  can  be  drawn  through  some  and  very  near  to 
others;  and  it  is  this  curve  that  should  be  used  instead  of  an  irregular  line 
joining  all  the  plotted  points.  As  an  illustration  of  this  the  diagram  of 
equivalent  loads  for  plate-girder  spans  and  Class  50  loading  is  given  in 
Fig.  10a.  It  will  be  seen  that  there  are  great  irregularities  for  spans 
between  ten  and  fifteen  feet  and  for  those  between  ninety-five  and  one 
hundred  and  ten  feet.  These  are  due  mainly  to  peculiarities  in  wheel 
spacing  that  cause  loads  to  pass  on  and  off  the  span  with  a  very  short 
motion  of  train.  The  author  maintains  that  it  is  more  scientific,  more  in 
accordance  ^A^th  common  sense,  and,  in  fact,  more  accurate,  to  take  the  live 
loads  from  the  regular  curve  than  it  would  be  to  use  those  found  by  the 
exact  method  of  wheel  concentrations,  because  these  irregularities  are  due 
only  to  the  fact  that  a  typical  locomotive  was  assumed.  Surely  it  is  evident 
to  any  thoughtful  man  that  the  maximum  bending  moments  should 
increase  regularly  with  the  span  length  and  not  by  fits  and  starts;  and  that 
the  equivalent  load  line  should  lower  regularly  in  order  to  represent  a  fair 
average  equivalent  for  all  locomotives  of  the  heaviest  type  rather  than  an 
exact  equivalent  for  any  one  assumed  locomotive! 

The  method  of  applying  the  equivalent  uniform  loads  in  bridge  designing 
is  as  follows,  begimiing,  as  is  customary,  with  the  stringers,  then  passing 
to  the  floor-beams  and  finally  to  the  trusses. 

Stringers 

From  Fig.  Qd  find  the  equivalent  live  load  per  lineal  foot  for  a  span 
equal  to  the  panel  length,  add  to  same  the  percentage  thereof  for  impact, 
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as  given  in  Fig.  7c,  and  the  assumed  weight  per  foot  of  the  stringers  and  the 
lloor  they  support^  and  divide  the  sum  by  two  (or  by  four,  if  there  be  four 
Unes  of  stringers  per  track),  calhng  the  result  w;  then  find  the  total 
bending  moment  at  mid-span  by  substitutmg  m  the  well-known  formula, 

M  =  VswP, 

where  I  is  the  panel  length  in  feet,  and  M  is  the  required  moment  in 
foot-pounds. 

Should  the  total  end  shear  be  required,  it  can  be  foimd  for  each  stringer 
by  adding  together  one-half  or  one-quarter  (according  to  the  number  of 
fines  of  stringers  employed)  of  the  end  shear  given  in  Fig.  6c,  the  proper 
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Fig.  10a.    Eriuivalent  T.ive  Loads  for  Plate-girder  Spans  for  Class  50. 
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percentage  thereof  for  impact,  and  the  half  weight  of  one  stringer  with 
the  floor  that  it  carries. 

Floor-Beams 

In  proportioning  a  floor-beam,  the  unportant  thing  to  ascertam  is  the 
total  concentration  at  the  point  where  two  stringers  meet.  The  live-load 
concentration  is  to  be  found  by  multiplying  together  the  panel  length  ami 
the  equivalent  uniform  load  per  lineal  foot  given  in  Fig.  Qdfor  a  span  equal 
to  twice  the  panel  length,  and  dividing  the  product  by  two  (or  by  four, 
if  there  be  four  lines  of  stringers  per  track) .  It  is  unnecessary  to  describe 
here  how  the  dead-load  concentration  at  each  stringer  support  is  to  be 
found.  Nor  is  it  requisite  to  do  more  than  merely  to  mention  that  either 
the  hve-load  concentration  obtained  for  the  floor-beam  or  a  multiple 
thereof  will  be  the  hve-load  stress  in  the  hanger  which  supports  the  beam. 

Trusses 

These  can  be  divided  into  two  kinds,  viz.,  those  with  equal  panels  and 
parallel  ohords,  and  those  in  which  the  panel  lengths  are  unequal,  or  the 
chords  are  ngt  parallel,  or  both.  In  the  first  case  the  stresses  can  be 
determined  mo^  expeditiously  by  substitution  ixx.  tabulated  formulae,  and 
in  the  second  by  the  graphical  method. 

Case  I — Parallel  Chords 

From  Fig.  6e  find  the  equivalent  uniform  live  load  per  hneal  foot  for 
the  given  span  length  and  multiply  the  same  by  the  panel  length,  calling 
the  product  L.  For  single-track  bridges  this  must  be  divided  by  two.  All 
the  hve-load  stresses  in  main  truss-members  of  single-intersection  bridges 
can  be  found  by  substituting  this  value  of  L  in  one  of  the  Tables  10c 
to  10/,  inclusive.  Just  here  it  is  proper  to  remark  that,  strictly  speaking, 
the  "Equivalent  Uniform-Load  Method"  is  not  accurately  applicable  to 
trusses  of  multiple  intersection;  but  the  most  approved  modern  practice 
in  bridge  engineering  does  not  countenance  the  building  of  trusses  or  girders 
having  more  than  a  single  system  of  cancellation.  The  "Equivalent 
Uniform-Load  Method"  does,  however,  apply  to  trusses  with  divided 
panels,  such  as  the  Petit  truss;  but  as  this  style  of  truss  nowadays  involves 
almost  invariably  a  polygonal  top  chord,  its  treatment  herein  will  come 
under 

Case  II — Polygonal  Chords 

Where  trusses  have  unequal  panels  or  chords  not  parallel,  the  first 
step  to  take  is  the  finding  of  all  the  dead-load  stresses  by  the  graphical 
method,  starting  from  one  end  of  the  span  and  working  toward  the  middle, 
where  the  last  stress  is  checked  by  the  method  of  moments  and  the  cor- 
rectness of  the  entire  graphical  work  is  thereby  proved. 
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The  next  step  is  to  find  from  Fig.  6c,  as  in  Case  I,  the  equivalent  Uve- 
load  per  hncal  foot  for  the  span,  and  therefrom  the  value  of  the  panel-truss 
live  load  L.  Next  set  a  slide-rule  for  the  ratio  of  dead  load  per  lineal  foot 
and  the  equivalent  hve  load  per  lineal  foot  for  the  span,  and,  by  referring 
to  the  dead-load  stresses  already  found,  read  off  from  the  rule  all  of  the 
live-load  stresses  in  chords  and  inclined  end  posts. 

Next  assume  that  there  is  an  upward  reaction  at  one  end  of  the  span 
equal  to  10,000  pounds,  or  100,000  poimds  (according  to  the^size  of  the 
bridge),  caused  by  a  load  placed  at  the  first  panel  point  from  the  other 
end  of  the  span,  then  find  graphically  the  stress  in  each  web-member  from 
end  to  end  that  is  caused  by  this  assumed  upward  reaction,  checking  the 
work  analytically  by  computing  the  chord  stress  at  the  first  panel  point 
just  mentioned.  Then  calculate  the  value  of  the  live-load  reaction  for  the 
maximum  stress  in  each  web-member  by  means  of  the  slide-rule  and  the 
following  formula  and  Table  106,  in  which  n  is  the  number  of  panels  in  the 
span,  n'  is  the  number  of  the  panel  point  at  the  head  of  the  train,  counting 

from  the  loaded  end  of  the  span,  and  C  is  the  coefficient  of  — : 

n 

Live-load  reaction  for  the  head  of  train  at  n'  =  C  X  — . 

n 

TABLE  106 
Coefficients  for  Live  Load  Reactions 


n' 

c 

n' 

c 

n' 

c 

n' 

c 

1 

1 

7 

28 

13 

91 

19 

190 

2 

3 

8 

36 

14 

105 

20 

210 

3 

6 

9 

45 

15 

120 

21 

231 

4 

10 

10 

55 

16 

136 

22 

253 

5 

15 

11 

66 

17 

153 

23 

276 

6 

21 

12 

78 

18 

171 

24 

300 

Then,  still  using  the   slide-rule,  find  the  greatest  live-load  stress  in 
each  web-member  by  the  following  equation: 

o,  J      csj.    '    £         ^  1  -r^       ,  •       V ,  Actual  Reaction 

fetress  reqmred  =  btress  from  Assumed  Reaction  X  ■ 

Assumed  Reaction 
Where  the  panels  are  divided  as  in  the  Petit  truss,  and  where  inclined 
sub-posts  are  employed,  the  tensile  stress  in  the  upper  half  of  each  main 
diagonal  thus  found  will  have  to  be  corrected  by  subtracting  therefrom  a 

,  L  sec  « 

stress  equal  to  ^  .^    ,   ^ — ,    where  a  is  the  inclination  of   the 

2  (1  -f-  tan  a  tan  6) 

diagonal  to  the  vertical,  and  6  is  the  incHnation  of  the  chord  member  in 

the  same  panel  to  the  horizontal.     With  parallel  chords  this  expression 

evidently  becomes  -—  sec  a.     The  compressive  stress  in  any  main  post 

L 

will  have  to  be  corrected  by  subtracting  therefrom  a  stress  equal  to  — ,  for 
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either  inclined  or  parallel  chords.  No  corrections  are  needed  when  com- 
puting the  counter  stresses  in  the  web  members. 

When  the  panels  are  divided  as  in  the  Petit  truss,  and  inclined  sub- 
ties  are  used,  the  tensile  stress  computed  by  the  foregoing  method  in  the 
upper  half  of  each  main  diagonal  will  require  no  correction;  and  the  tensile 
stress  in  the  loiver  half  can  l)e  found  by  subtracting  from  that  in  the  upper 

half  a  stress  equal  to  —  sec  a.     The  compressive  stress  found   in   the 

upper  half  of  each  main  diagonal  requires  no  correction;  and  the  com- 
pressive stress  in  the  lower  half  is  equal  to  that  in  the  upper  half.  The 
compressive  stress  in  each  main  post  will  require  no  correction;  but  the 
tensile  stress  therein  must  be  corrected  by  subtracting  therefrom  a  stress 

equal  to  —  (1  —  tan  a  tan  6).      With  parallel  chords  this  expression 

evidently  becomes  —. 

In  comparing  the  equivalent  loads  for  plate-girder  spans  as  given  in 
Fig.  Qd  with  those  for  truss  spans  as  given  in  Fig.  6e  for  span-lengths  com- 
mon to  both,  a  small  discrepancy  will  be  found.  This  is  due  to  the  fact 
that  in  plate-girder  spans  the  moment  is  figured  at  mid-span  while  in  truss 
spans  it  is  taken  at  the  quarter  points. 

There  are  still  a  few  engineers  and  professional  writers  who  talk  of  the 
use  of  the  ''single-concentration"  or  the  "double-concentration"  method 
of  computing  stresses  in  girders  and  trusses,  and  it  is  possible,  although  not 
probable,  that  there  are  still  a  few  computers  who  actually  employ  them, 
notwithstanding  the  fact  that  the  author  proved  in  an  unanswerable 
maimer  as  long  ago  as  the  early  nineties  that  these  methods  are  not  as 
accurate  as  the  equivalent  uniform-load  method;  and  that  they  involve 
the  expenditure  of  two  or  three  times  as  much  time  and  labor.  Aiiy  one  who 
is  curious  to  read  up  this  bit  of  ancient  history  will  find  in  Mr.  Harrington's 
book  of  ''Principal  Professional  Papers"  all  of  the  calculations  and  argu- 
ments advanced  at  the  time  the  question  was  under  discussion  by  the 
engineering  profession. 

This  chapter  would  not  be  complete  without  some  reference  to  influence 
lines.  They  provide  a  very  pretty  method  of  computing  and  indicating 
stresses,  but  involve  the  adoption  of  wheel  loads,  which,  as  previously 
stated,  the  author  has  proved,  for  many  types  of  structures  at  least,  to 
necessitate  far  more  labor  than  do  the  equivalent  uniform  loads.  It  will  be 
sufficient,  therefore,  to  refer  the  reader  for  information  on  this  subject  to 
the  latest  edition  of  Johnson,  Bryan,  and  Turneaure's  "  Theory  and  Practice 
of  Modern  Framed  Structures,"  Howe's  "Influence  Diagrams,"  and  other 
standard  works  on  bridge  stresses. 

The  following  tables  of  dead-load  and  live-load  stresses  for  Pratt  and 
Triangular  truss  spans  with  parallel  chords  and  of  wind-load  stresses  in 
chords  and  lateral  systems  will  be  found  very  useful  by  the  bridge  designer: 
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TABLE  10c 

Maximum    Stresses    Under    Dead    and    Live    Loads    in    Pratt  Trusses  with 

Parallel  Chords 


H      I      J      K      L 


Sec« 


TF  =  Dead  Load  per  panel. 
L  =  Live  Load  per  panel. 
I 


Tan  (^      =  ir 


p  =  Panel  length. 
d  =  Depth  of  truss. 
I  =  Length  of  diagonal. 
For  any  other  truss,  letter  vertices  in  manner  shown. 
The  Live  and  Dead  Loads  are  uniform  per  foot  of  span. 
All  panels  are  of  equal  length. 

The  Dead  Load  is  assumed  as  concentrated  at  lower  vertices  of  trusses  for  through- 
bridges  and  at  upper  vertices  of  trusses  for  deck-bridges. 
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"1.5+"i^s 

vided     by 

De 

•■  2.5 +"  3<^/l2 

"     2     +   "  28/u 

"1.5+"2i/,o 

"   1  +  "  1% 

"0.5+"i»/8 

depth      of 

Ef 

"1.5 +"28/,., 

"  1  +  "  2'/ll 

"0.5 +"1^10 

"    0    +"><l/9 

-"0.5+"% 

truss  =  sec  d. 

Fg 

"0.5 +"21/12 

"   0  +  "  iVu 

-"0.5+">»/,o 

-"    1    +  "6/9 

-"1.5 +"3/8 

Gh 

-  "  0.5  +"  >Vi2 

-  "   1   -t-  "  i°/u 

-"1.5+"Vio 

-"2    +"3/9 

Hi 

-"1.5+"l»/,2 

-"  2  +"«/,. 

abc 

W  5.5 +L  5.5 

TF    5  +L  5 

W  4.5+L  4.5 

W    4  +L  4 

W3.5+L3.5 

Panel    length 

BC 

cd 

"10.0 +"10.0 

"     9  +  "   9 

"    8.0 +  "  8.0 

"     7  +  "    7 

"6.0 +"6.0 

divided       by 

CD 

de 

"  13.5 +"13.5 

"   12  +  "  12 

"10.5  +  "10.5 

"     9  +  "    9 

"7.5 +"7.5 

depth      of 

DE 

ef 

"  16.0 +"16.0 

"   14  +  "14 

"12.0 +  "12.0 

"   10  +"10 

"8.0 +"8.0 

truss  =  tan  d. 

EF 

fg 

"  17.5 +"17.5 

"   15  +"15 

"12.5  +  "12.5 

FG 

"  18.0 +"18.0 

Thro 

Deck 

Cc 

W^4.5+L55/l2 

W    4  +  L«/ii 

Tr3.5+L3«/io 

W    Z  -{-  L-»h 

T^2.5+L2i/8 

Unity. 

Cc 

Dd 

"3.5+"«/,2 

"        3    +"36/11 

"2.5  +  "2s/io 

"     2  +  "  21/9 

"1.5 +"15/8 

Dd 

Ee 

"2.5+"3«/,o 

"     2  +"2s/n 

"1.5  +  "2i/io 

"     1  +  "  1V9 

"0.5 +"10/8 

Ee 

Ff 

"  1.5  +"  '-«/,o 

"     1  +  "  21/11 

"0.5  +  "iV,o 

"     0  +  "  10/9 

-"0.5+"% 

Ft 

Gg 

"0.5+"2V,2 

"     0  +"iVii-"  0.5 +  "10/10 

Gg 

-"0.5+"iVi2 

1 

Member 

7-panel 

6-panel 

5-panel 

4-panel 

3-panel 

Multiply 

Truss 

Truss 

Truss 

Truss 

Truss 

by 

aB 

W3  +  L  3 

W2.5+L2.5 

W2  +  L  2.0 

W1.5+L1.5 

W  I  +  Li 

Length    of 

Be 

"  2  +  "  1V7 

"1.5 +"10/6 

"    1   +  "  % 

"0.5 +  "84 

"   0  +  "   K 

member     di- 

Cd 

"     1    +    "   10/7 

"0.5+"% 

"  0  +  "  3/5 

-"0.5+"M 

vi  ded     by 

De 

"   0  +  "  % 

-"0.5 +"3/6 

-  "  1  +  "  Vs 

depth      of 

EJ 

- "   1  +  "  'h 

truss. 

abc 

TF3  +  L3 

1^2.5 +L2. 5 

W  2  +  L  2 

W1.5+L1.5 

Wl  +L1 

Panel    length 

BC 

cd 

"   5  +  "  5 

"4.0 +"4.0 

"   3  +  "  3 

"2.0 +"2.0 

"   1  +  "  1 

div.  by  depth 

CD 

de 

"   6  +  "  6 

"4.5 +"4.5 

of  truss. 

Thro 

Deck 

Cc 

W2  +L  1V7 

W^1.5+L'0/6 

Wl  +  L  % 

W0.5+LM 

Unity. 

Ce 

Dd 

"    1    +   "  >0/7 

"0.5+"% 

"   0  +  "  % 

-"0.5  +  -M 

Dd 

Ee 

"  0  +  "  Vi 

-"0.5 +"3/6 

■72 


BRIDGE   ENGINEERING 


Chapter  X 


P 
P 


'^ 


V, 


"  o 
y.  o 


a> 


C  0) 


II  II    II      I 


s 

rt  S. 

^£     - 
cg'l     § 

0.=  3        S 

II    iMiii|§:::^ 

2  Sj  «q 


S'E 


3h 


CI,  S 


g  -oas  =   ssTut)  JO  'e  UBt) 

qc)dap  Xq  papiAip     =  sstu?  jo  q)dap  Xq  papiA 
jaqiuatu  jo  mSuaq    -ip   m3u3i   puBd   Ji^q-auo 


++ 
>-io 


++ 


^=    - 


++ 


++  +  + 


+++ 


++++ 
^5  :  I 


Ms  5 
+++ 

cacooo 
^5   5 


►^:  5  :  s 

+++++ 

coeoi-ioiH 


++++ 

l-t  1-4 


++++ 


\n\Ci\C)\n\n 


US  vo  in  u5  u5  m  in 

T)<  CO  N -H  o  o  r-! 


in  ic  in  in  in 


•^3 
+  + 

co-# 


++ 


IJS    3 
++  + 

inooo 

^3    3 


kJi  3 
+  +  + 
tDON 


t>  eg  in  to 

1-33    3    3 
+  +++ 

[- IN  in  to 


CTjto.-HTi'in 


CTJto>-iT»nn 


^  = 


m  Tt  03  M --I  O  i-l  IN 


inTf^toojo     ooCTOoo 

r-IN(N<NM  r-<i-ilNNC5 
>-J3  3  3  3 
+  +  +  +  + 


fe:3:  33 


^33 


^3 


«^r  3 


^3    3 


l/M/5  iC  lO  lO  lO 
lO  iri  CO  OJ  CO  ifl 

1- wwcoco 


irt  irt  ic  in  »f5  irt 

iC  iC  CC  (TJ  CO  uo 
^C^  eg  CO  CO 


^3    3 


++++++ 

»— ♦  (N  CJ  CO  CO  CO 
^3    3    33    3 


-O   li  "5    ^  *^  toil?  .^ 


^•B-S"s- 


METHODS    OF    STRESS    COMPUTATION 


17.3 


■h^ 

•p  "Das  =  ssnjt)  JO 

•0  UBl 

3  >, 

mdap    Xq    papiAip 

=  Bsnjj  JO  mdap  Aq  papiA  | 

So. 

J3quiaui  JO  i{;3uaq 

-IP  q?3u3i 

I3UBd     JIBq-3UO 

"^■^-S 

u3in 

*) 

Is 

r-e4 

•0 

5'  : 

KJi 

+ 

+++ 

++ 

IOU3U5 

in  in 

IN 

CO 

1 

gr 

^ 

M-^ 

COT). 

"oJ  m 

>-]3  :  : 

•0; 

•Os^ 

c  id 
d  3 

++++ 

++ 

++ 

^^ 

NrtOrH 

N-* 

CO-* 

1 

1 

^: 

&.- 

Tt  to 

0 

"^^8  2  2 

in  in  in 

ti 

li 

e<is  5^»^ 

Cviind 

.0: 

H 

++++ 

+++ 

++ 

% 

0  LOUOlO 

in  in  in 

•*!D 

N-Hod 

c<iind 

O 

^ 

v^ 

^ 

1 

^-  = 

^: 

< 

1     «^^2  2 

eot-oj 

lOOOOS 

^ 

Is 

W  3 

„+  T 
..  +  0 
„  +  T 
„+  S 
7+8 

►Js  S 

+++ 

cot- 05 

»0;  ; 

+++ 

inoooj 

~N 

^=  :  ;  : 

1 

^.  : 

^:  : 

""^-c-c  2  z. 

in  in  in  in 
0006-Hcj 

tOOiM 

o 

^ 

"** 

Is 
C3  3 

►-3:  I  ;  :  ; 

++++ 

+++ 

a 

<; 

li5  10  ic  10 10  U5 

m  N  ^  d  d  th 

in  in  in  in 
CO  00  ^'  c4 

50OIM 

i; 

^:  :  ;  :  J 
1   1 

^^rr 

^rr 

H 

_  s  2  2  S  0 

■q<OTl<tO 

c-e<iin  to 

> 

^ 

-^rrrrsp 

*^ 

^ 

^D 

■3    DJ 

►^5  J  3  :  ; 

.05  5  : 

lO;  ;  ; 

< 

a 

^x 

C  m 

++++++ 

++++ 

++++ 

H 

2 

k 

QO 

■^CSO'-HOiH 

^O-^CD 

C-MlOtO 

■< 

tH  1— 1  I— 1 

rH  rH  1— t 

a 
< 

a 

ki 

^ 

^:  s  S  ,-  3 

1 

^S    5    5 

^5  15 

10  2  32  2  25  2  » 

in  in  in  in  in 
^  -^  d  d  d 

rlrtrHIM 

00t1<00O 

Ci 

\ 

(1> 

^J:  :  :  :  5  : 
+++++++ 

+++++ 

++++ 

a 

2; 

\ 

^               1 

iC  uD  m  10  10  10  uO 

^  in  in  in  in 

00  ■.J' 000 

^ 

a-H 

■^co  Wi-nddtH 

"j  --  d  d  d 

rtrHN 

33 

^ 

. — 

"o 

•^1                S 

^:  =  :  :  s  : 
1    1 

^:  :  5  : 

^-5   s 

^  s  a  S  S  8  8 

ncooico  in 

05  ;o  r-( -5)1  in 

,fe 

QCi 

,- — 

_i               % 

S~S~3'§"S'S" 

r-(T-l(MlM 

rtMcaM 

/^\ 

<=UN          ^     fc 

"a! 

Ph  S 

>q:  J  3  I  I  :            ►Os  s  s  s 

.05  3  :  J 

/  111  ^>i       §  =* 

+++++++          +++++ 

+++++ 

0»<D.Hr)'in 

CO 

■-HrtCJN 

T-<Og(M<N 

■<^^'                   o"o     a 

^ 

^:  :.  =  :  :             ^533: 

^5555 

§ 

fcl     * 

1 

«~S  Si  t!  E!  «  S!  a         'fl'fl'oio.nu; 

0  00^  xo 
■-1  -nrj  wco 

§ 

Kg    i 

•3 

k:);  s  s  s  5  s  s         .OS  s  5  5  s 

"Os    5    !    3 
+++++ 

TF  =  Dead  Load  per  panel. 
L  =  Live  Load  per  panel. 

!ec  0  -  -i- 

p  =  Panel  length. 

d  =  Depth  of  truss. 

I  =  Length  of  the  diagonal, 
iny  other  truss,  letter  vertices  i; 
Live  and  Dead  Loads  are  unifoi 
lanels  are  of  equal  length. 
Dead  Load  is  assumed  as  conce 

.iH 

»o to  in m ic in »o lA         ininmininm 

000 -*  000 

in -^  CO  e4  ■-<  d  d  r.<         lOrjwddd 

rH^(M(NCO 

^;  r  ;  J  J  s  :               -himinimco 

^5555 

._a5...r.r.,.,.«.          ^(0TfO-*«0 

-^o  t-Ninco 

p3H 

to  10  Tf  CO  cq  1-1  0  ^  (M       <X)  (X> -^  0 ''t  ^ 

1    1 

■-iNOacococo 
.Os  ;  5  5  5 

.-1 0 1>  w  m  <o 
-^MIMCOCOCO 

^5    5    55    5 

<1> 

^"3^=5  se^^::^ 

UJ 

Eh 

s 

'gScSQ^i?^^^    ■S.S'S-St?^ 

cqoQli3fe.O 

174 


BRIDGE    ENGINEERING 


Chapter  X 


TABLE  10/ 

Maximum  Stresses  Under  Dead  and  Live  Loads  in  Deck  and  Telrough  Trian- 
gular Trusses  with  Verticals 


d 


e      f     g     /^      ^     J 
Deck  Truss 


J     /c    L 


m 


f     g     /7      i     J      ^ 
Through  Truss 


m 


W  —  Dead  Load  per  Panel. 
L  =  Live  Load  per  Panel. 

Sec  e  =  4- 


Tan  « 


p  =  Panel  length. 

d  =  Depth  of  truss. 

I  =  Length  of  diagonal. 
For  any  other  truss,  letter  vertices  in  manner  shown. 
The  Live  and  Dead  Loads  are  uniform  per  foot  of  span. 
All  panels  are  of  equal  length. 

The  Dead  Load  is  assumed  as  concentrated  at  lower  vertices  of  trusses  for  through- 
bridges  and  at  upper  vertices  of  trusses  for  deck-bridges. 


12-Panel 

10-Panel 

8-Panel 

6-Panel 

4-Panel 

Multiplied 

Truss 

Truss 

Truss 

Truss 

Truss 

by 

aB 

IV5.5+L5.5 

W4.5+L4.5 

W3.5+L3.5 

W2.5  +L2.5 

W1.5+L1.5 

Length         of 

Be 

"4.5+"56/,2 

"  3.5  +  "^im 

"2.5+""/8 

"1.5+"'»/6 

"0.5+"M 

the    member 

cD 

"  3.5  +"''V,2 

"  2.5  +  "2s/,o 

"1.5+"i% 

"0.5+"«/6 

-"0.5+"M 

divided      by 

De 

"  2.5  +"3«/i2 

"1.5 +  "21/10 

"0.5+"i»/8 

-   "0.5 +"3/6 

the  depth  of 

eF 

"l.6+"^h2 

"0.5  +  ">Vio 

-  "0.5+"«/8 

truss  =  sec.  e. 

Fa 

+  "0.5+"^'/i2 

—  "0.5  +  "io/io 

-"1.5 +"5^8 

oH 

-  "0.5 +"1^12 

—  "1.5  +  "6/,o 

Hi 

-"1.5+""'/,2 

_ 

FuU 

Verticals.  .  .  . 

W  +  L 

W  +L 

W  +  L 

TV  +  L 

W.  +  L 

Unity 

Dotted 

Verticals .  .  .  . 

Zero 

Zero 

Zero 

Zero 

Zero 

abe 

W  5.5 +L  5.5 

W  4.5 +L  4.5 

W3.5+L3.5 

W2.5+L2.5 

W1.5+L1.5 

Panel    length 

cde 

"13.5 +"13.5 

"  10.5 +"10.5 

"7.5 +"7.5 

"4.5+"4.5 

divided       by 

efg 

"17.5 +"17.5 

"12.5 +"12.5 

the  depth  of 
truss  =  tan  0. 

BCD 

H'  10  +  L  10 

W    8  +  L    8 

1^6  +  L  6 

W  4  +  L  4 

W2  +  L2 

DBF 

"   16  +  "   16 

"   12  +  "  12 

"   8  +  "  8 

"   6  +  "  6 

FGH 

"   18  +  "  18 
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TABLE  lOg 

Coefficients  of  W  tan  0  for  Both  Compression  and  Tension  Stresses  in 
Bottom  Chords  of  Through-Bridges  and  Top  Chords  of  Deck-Bridges, 
Due  to  Wind  Loads  Applied  to  Said  Chords,  when  the  Lateral  System 
is  of  Double  Cancellation 


Number 
of 

Number  of  Panel  from  End  of  Span 

Panels 

in  Span 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

4 

H 

m 

5 

1 

2H 

3 

6 

IH 

3)€ 

4M 

7 

\V2 

4 

5^ 

6 

8 

m 

4M 

6M 

7% 

9 

2 

53^ 

8 

9H 

10 

10 

2^ 

6^ 

9M 

11% 

12% 

11 

2H 

7 

103^ 

13 

143^ 

15 

12 

2^ 

7M 

11% 

14% 

16% 

17% 

13 

3 

8^ 

13 

16H 

19 

203^ 

21 

14 

3M 

9M 

14% 

18% 

21% 

23% 

24% 

15 

3^ 

10 

15M 

20 

233^ 

26 

273^ 

28 

16 

3M 

lOM 

16% 

21% 

25% 

28% 

30% 

31% 

17 

4 

iiH 

18 

23H 

28 

31^ 

34 

35M 

36 

18 

4M 

12M 

19% 

25% 

30% 

34% 

37% 

39% 

40% 

19 

^¥2 

13 

203.^ 

27 

32M 

37 

40^ 

43 

443-^ 

45 

20 

4M 

13% 

21% 

28% 

34% 

39% 

43% 

46% 

48% 

49% 

21 

5 

14H 

23 

30M 

37 

42H 

47 

50H 

53 

54  3^^ 

55 

22 

5M 

15M 

24% 

32% 

39% 

45% 

50% 

54% 

57% 

59% 

60% 

23 

5V2 

16 

25  H 

34 

413-^2 

48 

53  H 

58 

613^ 

64 

653^ 

66 

24 

5M 

16M 

26% 

35% 

43% 

50% 

56% 

61% 

65% 

68% 

70% 

71% 

25 

6 

17^ 

28 

37  H 

46 

533^ 

60 

653^ 

70 

733^ 

76 

773^ 

78 

26 

6M 

18M 

29% 

39% 

48% 

56% 

63% 

69% 

74% 

78% 

81% 

83% 

84% 
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TABLE  10ft 

Coefficients    of  ■ (Where  n   =   No.  of    Panels    in   Span)    for    Wind- 

n 

Load  Stresses  in  the  Diagonals  of  Lateral  Systems  of  Sincile  Cancella- 
tion. These  Coefficients  Apply  to  Lateral  Systems  Composed  of  Inter- 
secting Diagonal  Rods  or  of  Single  Diagonal  Struts 


No.  of 

Number  of  Panel  from  End  of  Span 

Panels 

in  Span 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

4 

6 

3 

5 

10 

6 

3 

6 

15 

10 

6 

7 

21 

15 

10 

6 

8 

28 

21 

15 

10 

9 

36 

28 

21 

15 

10 

10 

45 

36 

28 

21 

15 

11 

55 

45 

36 

28 

21 

15 

12 

66 

55 

45 

36 

28 

21 

13 

78 

66 

55 

45 

36 

28 

21 

14 

91 

78 

66 

55 

45 

36 

28 

15 

105 

91 

78 

66 

55 

45 

36 

28 

16 

120 

105 

91 

78 

66 

55 

45 

36 

17 

136 

120 

105 

91 

78 

66 

55 

45 

36 

18 

153 

136 

120 

105 

91 

78 

66 

55 

45 

19 

171 

153 

136 

120 

105 

91 

78 

66 

55 

45 

20 

190 

171 

153 

136 

120 

105 

91 

78 

66 

55 

21 

210 

190 

171 

153 

136 

120 

105 

91 

78 

66 

55 

22 

231 

210 

190 

171 

153 

136 

120 

105 

91 

78 

66 

23 

253 

231 

210 

190 

171 

153 

136 

120 

105 

91 

78 

66 

24 

276 

253 

231 

210 

190 

171 

153 

136 

120 

105 

91 

78 

25 

300 

276 

253 

231 

210 

190 

171 

153 

136 

120 

105 

91 

78 

26 

325 

300 

276 

253 

231 

210 

190 

171 

153 

136 

120 

105 

91 

Note. — For  the  stresses  in  diagonals  of  lateral  systems  of  double  cancellation,  i.e.,  those  systems  in 
which  the  diagonals  are  composed  of  intersecting  struts,  divide  the  coefficients  in  the  above  table  by  two. 


METHODS    OF    STRESS    COMPUTATION 


177 


TABLE  lOi 

Coefficients  of  W  tan  0  for  Compression-Stresses  in  Windward  Bottom 
Chords  of  Through-Bridges,  and  Windward  Top  Chords  of  Deck-Bridges, 
Due  to  Wind  Loads  Applied  Directly  to  Said  Chords,  When  the  Lateral 
System  is  of  Single  Cancellation.  The  Tensile  Stresses  in  Leeward 
Chords  are  Numerically  Equal  to  the  Compression  Stresses  Given  in 
the  Table  for  One  Panel  Nearer  End  of  Span 


No.  of 
Panels 

Number  of  Panel  from 

End  of  Span 

in 

Span 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

4 

1^2 

2 

5 

2 

3 

3 

6 

2J^ 

4 

43^ 

7 

3 

5 

6 

6 

8 

33^ 

6 

m 

8 

9 

4 

7 

9 

10 

10 

10 

4H 

8 

lOH 

12 

12^ 

11 

5 

9 

12 

14 

15 

15 

12 

5H 

10 

133^ 

16 

17M 

18 

13 

6 

11 

15 

18 

20 

21 

21 

14 

6H 

12 

163^ 

20 

22^ 

24 

243^ 

15 

7 

13 

18 

22 

25 

27 

28 

28 

16 

7H 

14 

19^ 

24 

273^ 

30 

313^ 

32 

17 

8 

15 

21 

26 

30 

33 

35 

36 

36 

18 

8H 

16 

223^ 

28 

32^ 

36 

383^ 

40 

40M 

19 

9 

17 

24 

30 

35 

39 

42 

44 

45 

45 

20 

9H 

18 

253^ 

32 

37K 

42 

45^ 

48 

49M 

50 

21 

10 

19 

27 

34 

40 

45 

49 
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CHAPTER   XI 

secondary    stresses,    temperature    stresses,    and    indeterminate 

stresses 

Secondary  Stresses 

By  the  term  "secondary  stresses"  is  meant  those  induced  or  indirect 
stresses  which  occur  as  a  necessary  result  of  the  deformations  caused  by 
the  primary  actions  of  a  structure  when  loaded.  The  principal  stresses  in 
the  various  parts  are  computed  under  the  assumption  that  all  members 
are  comiected  at  the  joints  by  frictionless  pins,  on  which  they  can  turn 
freely.  This  assumption,  of  course,  is  never  reaUzed.  Most  of  the  con- 
nections in  modern  steel  bridges  are  riveted  ones,  the  gain  in  stiffness  and 
rigidity  attained  by  so  making  them  being  highly  desirable,  although 
their  use  results  in  certain  distortions  and  bending  stresses  of  more  or 
less  magnitude;  and  even  where  pins  are  employed,  they  are  far  from  being 
frictionless. 

The  quantitative  analysis  of  these  secondary  stresses  is  a  comparatively 
recent  development  in  American  practice,  although  the  general  methods 
therefor  were  developed  some  twenty  or  thirty  years  ago,  principally  by 
German  writers.  Within  the  past  few  years  several  treatments  of  the 
subject  have  appeared  in  this  country.  The  book  which  was  used  most 
largely  in  the  earlier  calculations  made  in  the  author's  office  was  C.  R. 
Grimm's  work  on  "Secondary  Stresses  in  Bridge  Trusses."  It  covers  quite 
satisfactorily  the  various  methods  of  analysis.  The  author  takes  gi'eat 
satisfaction  in  the  thought  that  that  valuable  work,  as  stated  in  its  preface, 
owes  its  existence  to  him.  For  several  years  he  searched  faithfully  for  a 
German-American  bridge  engineer  who  had  had  the  requisite  experience 
and  could  spare  the  time  for  writing  a  condensed,  practical  treatise  upon 
the  subject  of  secondary  stresses  in  bridge  trusses.  He  found  only  a  few 
such  engineers  who  possessed  the  necessary  knowledge;  and  of  these  Mr. 
Grinun  was  the  only  one  who  could  afford  the  time  for  ^vriting  the  book. 
The  manner  in  which  he  did  it  reflects  great  credit  upon  him  and  in- 
directly a  little,  possibly,  upon  the  "instigator."  The  treatment  given 
in  Part  II  of  "Modern  Framed  Structures,"  which  appeared  later  than 
Grimm's  book,  is,  perhaps,  better  adapted  to  the  direct  use  of  the  designer, 
as  it  devotes  considerable  space  to  showing  how  the  amount  of  labor 
requiretl  can  l)e  reduced  materially  by  a  systematic  arrangement  of  the 
calculations.     Mr.  F.  C.  Kunz,  in  an  article  in  Engineering  News,  Vol.  66, 
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p.  397,  gives  a  very  good  presentation  of  the  subject,  using  a  mcthoicl  of 
analysis  first  proposed  by  Mohr.  (A  few  typographical  errors  in  this 
article  are  noted  on  p.  515  of  the  same  volume.)  A  particularly  complete 
discussion,  from  the  practical  standpoint,  is  to  be  found  in  a  cormnittee 
report  presented  to  the  American  Railway  Engineering  Association  in 
1914,  and  printed  in  Vol.  15  of  its  Proceedings.  It  covers  the  general 
features  of  the  subject  and  explains  in  detail  the  method  of  calculation 
of  stresses  in  the  plane  of  the  trusses,  presenting  the  complete  computations 
for  one  truss.  It  also  compares  the  secondary  stresses  in  several  different 
types  of  trussing,  and  furthermore  gives  the  results  of  secondary  stress 
measurements  on  several  bridges.  The  method  of  analysis  used  in  this 
report  is  quite  similar  to  that  given  in  ''Modern  Framed  Structures." 
This  report  di\'ides  the  secondary  stresses  into  five  classes,  as  follows: 

"1.  Bending  stresses  in  the  plane  of  the  main  truss  due  to  the  rigidity  of  joints, 
eccentricitj^  of  joints,  and  weight  of  members. 

"2.  Bending  stresses  in  members  of  a  transverse  frame  due  to  the  deflection  of 
floor-beams  and  to  primary'  stresses  in  posts. 

"3.  Stresses  in  a  horizontal  plane  due  to  longitudinal  deformation  of  chords,  es- 
pecially the  stresses  in  floor-beams  and  in  their  connections. 

"4.  Variation  of  axial  stress  in  different  elements  of  a  member. 

"5.  Stresses  due  to  vibration  of  individual  members." 

The  stresses  under  Nos.  1,  2,  and  3  can  be  analyzed  more  or  less  com- 
pletely, but  those  under  Nos.  4  and  5  can  not  be  as  accurately  determined. 
The  last  two  will  not  be  considered  further  in  this  chapter. 

Bending  Stresses  in  the  Plane  of  the  Main  Truss  Due  to  the 
Rigidity  of  the  Joints 

These  stresses  are  the  ones  which  are  generally  referred  to  when  the 
term  "secondary  stresses"  is  employed.  In  the  earlier  days  of  American 
bridgework,  nearly  all  important  structures  were  pin-connected,  and 
they  were  assumed  to  be  substantially  free  from  stresses  of  this  nature. 
With  the  increasing  adoption  of  riveted  connections  and  stiff  members, 
and  with  the  appreciation  of  the  fact  that  the  use  of  pins  does  not  neces- 
sarily do  away  with  these  bending  effects  entirely,  the  need  for  careful 
investigation  and  analysis  along  this  line  has  become  apparent.  A  great 
deal  has  already  been  accomplished;  but  there  is  still  left  a  wide  field  for 
research  and  experiments. 

No  attempt  will  be  made  in  this  book  to  treat  fully  the  various  methods 
of  analysis  that  have  been  proposed,  the  reader  being  referred  to  the 
authorities  above  mentioned.  However,  the  assumptions  and  formulae 
of  the  ordinary  method  of  analysis  will  be  briefly  discussed,  in  order  that 
the  underlying  principles  of  the  subject  may  be  clearly  understood. 

If  a  truss,  the  members  of  which  are  connected  at  the  panel  points  by 
frictionless  pins,  be  loaded  in  any  manner,  the  various  members  will  change 
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in  length  slightly,  the  various  panel-points  will  deflect,  and  the  angles 
made  with  each  other  by  the  various  members  meeting  at  each  point  will 
alter.  The  members  will  remain  straight  between  panel-points,  however, 
as  they  can  rotate  freely  on  the  pins.  If  now  a  similar  truss  having 
rigid  joints  be  considered,  the  changes  in  lengths  on  the  members  and  the 
deflections  of  the  panel-points  will  be  substantially  as  before;  but  the 
angles  between  the  various  members  meeting  at  a  panel-point  will  be 
forced  to  remain  unchanged.  As  a  result,  each  joint  will  rotate  as  a  whole 
into  some  such  position  that  equilibrium  throughout  the  truss  will  be 
secured,  and  each  member  will  thereby  be  bent  more  or  less.  Let  us 
suppose  that  we  have  under  consideration  a  member  nm,  joining  any  panel- 
point  n  with  any  adjacent  panel-point  m.  It  is  proved  in  the  texts  before 
quoted  that  the  moment  in  the  said  member  at  the  point  n  is  given  with 
sufficient  accuracy  by  the  formula, 

in  which  Mnm  =  moment  in  member  nm  at  point  n,  positive  when  it  tends 
to  rotate  the  joint  in  a  clockwise  direction, 
E       =  coefficient  of  elasticity  of  the  material, 
I        =  gross  moment  of  inertia  of  member  nm, 
I         =  length  of  member  nm, 

Tnm  =  angle  in  radians  made  by  the  end  tangent  of  the  member 
n  m  at  the  point  n  with  bhe  straight  line  joining  the 
panel-points  n  and  m,  to  be  taken  as  positive  when  the 
said  end  tangent  has  rotated  in  a  counter-clockwise 
direction  from  the  said  line, 
and  Tmn    =  similar  angle  at  m. 

This  equation,  and  the  self-evident  requirement 


M. 


X 


Mnm  =  0  [Eq.  2] 


for  each  panel-point,  are  together  sufficient  for  the  calculation  of  the 
values  of  the  angles  T  throughout  the  truss.  After  these  values  have  been 
found,  the  fibre  stresses  in  the  various  members  can  be  computed  by  the 
equation 

M^„c       ^Ec(  1         \  , 

jnm  —  r  ~        /       \     "*"        9      mn  J  >  i^H'  "J 

where  fnm  =  extreme  fibre  stress  from    bending  in  member  nm  at  the 

point  n, 
and  c  =  distance  of  the  said  fibre  from  the  neutral  axis. 

Equations  1  and  3  are  a  trifle  unwieldy  to  use,  as  the  quantities 
outside  of  the  parentheses  are  very  large,  while  those  %vithin  them  are  very 
small  fractions.  However,  they  can  readily  be  transformed  into  a  more 
convenient  form.  It  will  be  found  that  for  a  truss  loaded  with  dead  load 
over  the  entire  span  and  full  live  and  impact  loads  over  all  or  part  of  the 
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span  the  values  of  the  T's  will  generally  be  a  few  ten-thousandths  of  a 
radian,  usually  ranging  from  0.0000  to  0.0010,  and  in  exceptional  cases  to 
0.0020,  or  even  more.  If,  therefore,  we  call  E  30,000,000  and  express  T 
in  ten-thousandths  of  a  radian.  Equation  1  becomes 

Mnm  =   12,000  J    (  Tn,n  +  |  ^n,.  ) ,  [Eq.  4] 

and  Equation  3  becomes 

/,„„  =  12,000  J  (  Tnm  +  ^  :r^« ) .  [Eq.  5] 

Also,  it  is  evident  that  instead  of  Equation  2  we  can  use  the  formula 

^j{Tnm-h^T^n)  =  0,  [Eq.  6] 

expressing  the  T's  in  ten-thousandths  of  a  radian  in  this  case  also.  The 
use  of  the  equations  in  the  above  forms  will  save  a  considerable  amount  of 
time.  The  form  of  Equation  5  is  especially  convenient,  since  it  will 
enable  one  to  judge  directly  what  values  of  T  will  indicate  the  presence 
of  high  secondary  stresses  in  any  particular  member. 

While  the  theoretical  basis  for  the  calculation  of  secondary  stresses  is 
seen  to  be  quite  simple,  unfortunately  the  numerical  work  is  rather  lengthy. 
The  labor  involved,  however,  can  be  much  diminished  by  a  systematic 
arrangement  of  the  calculations,  as  illustrated  in  Part  II  of  "Modern 
Framed  Structures,"  and  in  the  Committee  Report  of  the  Am.  Ry.  Eng. 
Assn.  The  analysis  of  an  ordinary  truss  of  short  span  for  a  single  position 
of  loads  will  take  several  hours;  and  the  complete  analysis  by  the  method 
of  joint  loads  will  generally  require  about  two  days.  For  a  large  truss, 
(jspecially  one  with  subdivided  panels,  a  much  longer  time  will  be  needed; 
consequently  the  desirability  of  having  some  shorter  method  which  will 
give  approximately  correct  results  is  quite  apparent. 

In  the  following  pages  there  will  be  presented  a  shorter  method  of 
analysis,  based  on  the  formulae  given  above.  By  this  method  it  will  be 
])ossible  to  obtain  in  a  short  time  a  general  idea  as  to  the  magnitude  of  the 
secondary  stresses  in  the  various  members  of  a  truss,  while  by  carrying  the 
computations  further  any  desired  degree  of  accuracy  may  be  obtained. 
The  method  is  by  no  means  an  original  one  with  the  author,  as  certain 
features  of  it  have  been  used  more  or  less  by  various  investigators.  At 
the  end  of  the  chapter  (pages  218  to  226,  inclusive)  will  be  found  com- 
plete calculations,  worked  out  by  this  method,  for  the  secondary  stresses 
in  a  single-track-railway,  through,  riveted  truss  of  296'  span  (the  one  shown 
in  Fig.  llg),  designed  for  Class  60  loading;  and  the  reader  would  do  well  to 
keep  these  calculations  before  him  in  reading  the  following  explanation. 

Before  beginning  the  calculation  of  the  secondary  stresses,  it  is  essential 
that  the  general  dimensions  of  the  structure  and  the  make-up  of  the  mem- 
bers be  a)»'eady  known.     There  are  first  determined  for  each  member  the 
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length  I,  the  gross  area  A,  the  gross  moment  of  inertia  /  about  an  axis  at 

/  c 

right  angles  to  the  plane  of  the  truss,  and  the    ratios  -r  and  12,000  -r,  it 

being  usually  possible  to  take  the  values  of  I,  A,  and  I  for  some  or  all  of  the 
members  from  the  design  calculations  made  previously.  Next  there  are 
computed  in  each  member,  for  the  assumed  condition  of  loading,  the  pri- 
mary stress  S  and  the  elongation  AZ,  using  the  gross  area  A  in  figuring  the 
latter  quantity.  A  WiUiot  diagram  is  then  drawn  in  the  usual  manne)' 
assuming  any  convenient  member  to  remain  unchanged  in  direction.  1 1 
will  make  no  difference  whether  the  member  selected  actually  rotates  or 
not,  since  the  diagram  will  be  used  only  to  determine  the  differences  between 
the  angles  through  which  the  various  members  turn. 

The  angle  d  through  which  each  member  has  turned  wdth  respect  to 
the  member  which  is  considered  to  remain  fixed  is  figured  from  the  Williot 
diagram,  as  explained  in  the  discussion  thereof  in  Chapter  XII.  Each  panel- 
point — i.e.,  the  end  tangents  of  all  members  meeting  at  each  point — is 
then  assumed  to  rotate  through  some  angle  /S,  and  the  angle  /3  —  ^  is 
computed  for  each  member  meeting  there,  the  resulting  angle  being  called 
V.  The  angles  6  and  (3  are  to  be  considered  positive  when  rotation  has 
been  in  a  counter-clockwise  direction.  The  value  of  /3  for  an}^  panel- 
point  is  best  taken  as  the  average  of  the  ^'s  of  the  two  chord  members 
meeting  there,  so  that  the  <p's  for  these  two  members  will  be  equal.  It  is 
desirable  to  have  these  ^'s  as  nearly  as  possible  equal  to  the  corresponding 
T's,  which  are  still  unknown,  in  order  to  reduce  the  work  of  computing 
the  said  T"s;  and  the  above  method  attains  this  result  in  the  best  manner 
that  any  general  rule  can.  After  a  designer  becomes  familiar  with  the 
method,  he  can  frequently  make  somewhat  better  assumptions  in  par- 
ticular cases. 

These  angles  v?  are  to  be  considered  as  the  first  trial  values  of  the  angles 
T,  and  Equation  6  is  then  applied  to  each  panel-point  in  turn.  It  will 
be  found  that  for  most  points  the  resulting  summations  will  not  be  zero. 
The  next  step  is  to  adjust  the  trial  values  of  the  T's  so  as  to  obtain  values 
more  nearly  correct.  The  amount  that  the  said  trial  values  at  any  panel- 
point  are  in  error  could  be  determined  by  dividing  the  value  of  the  sum- 
mation for  the  said  point  by  the  sum  of  the  y  's  of  the  members  meeting 

there,  if  it  were  not  for  the  fact  that  the  angles  at  the  other  ends  of  each  of 
these  members  are  also  likely  to  be  more  or  less  in  error.  However,  the 
corrections  found  in  this  manner  will  be  approximately  right;  and  the 
adjustment  should  be  made  on  that  basis.  It  will  be  best  to  correct 
first  those  points  which  evidently  need  the  largest  adjustments,  and  take 
into  account  the  effects  of  these  changes  when  making  the  adjustments 
at  the  other  points.  While  the  corrections  can  be  made  in  any  order,  and 
correct  results  still  be  reached,  much  time  can  be  saved  by  carrying  through 
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the  work  in  the  proper  maimer.  In  order  to  illustrate  the  method  to  be 
followed,  the  calculation?  made  in  the  adjustment  of  the  values  of  the 
T's  for  the  truss  given  at  the  end  of  the  chapter  will  now  be  explamed  in 
detail.     See  Fig.  Ih"  and  Table  11/. 

As  soon  as  the  <^'s  had  been  computed  in  the  manner  above  explained, 

a  small  scale  diagram  of  the  truss  was  laid  out  (Fig.  Hi),  the  -t-'s  of  the 

various  members  written  on  them,  and  the  summations  of  the  — 's  of  all  of 

the  members  meeting  at  anj^  one  panel-point  written  just  above  or  below 
the  said  panel-point.  Next  the  values  of  the  angles  (p  (which  will  hence- 
forth be  called  the  first  trial  values  of  the  angles  T)  were  written  on  the 
various  members,  in  such  positions  that  it  would  be  possible  to  write  two 
or  three  more  trial  values  above  or  below  them,  the  said  angles  being 

expressed  in  ten-thousandths  of  a  radian.      The  quantity  (  7'„,„  -|-  —  Tmn  ) 

was  then  calculated  for  each  end  of  each  member;  and  the  results  for  all 
the  members  meeting  at  any  one  panel-point  were  written  down  one  below 
the  other  in  Table  11/.  The  figure  for  the  chord  member  to  the  left  was 
put  down  first,  then  that  for  the  chord  member  to  the  right,  then  that  for 
the  diagonal,  and  lastly  that  for  the  post.         Each  of  the  quantities 

(  Tnm  +  o  ^wn  )   was  then  multiplied  by  the  proper  value  of  y ;  and  the 

summations  of  the  products  y  (  Tnm  +  9  Tmn  )  were  formed  for  the  vari- 
ous panel-points.  The  work  of  adjustment  was  then  begun.  At  point  4, 
which  evidently  needed  much  more  adjustment  than  any  other  point,  the 

102 
values  of  the  T"s  were  all  increased   (algebraically)    by  3-—  =  2.0  ten- 
thousandths  of  a  radian.     The  effects  of  this  adjustment  on  the  quantities 
7  (  Tnm  +  9  Tmn  J   at  points  2,  3,  5,  and   6  were   then  figured  and  put 

down  just  to  the  right  of  the  quantity  changed,  giving  +  16  for  member 
2-4  at  2,  +  8  for  member  3-4  at  3,  -|-  4  for  member  4r-5  at  5,  and 
-\-  23  for  member  4-6  at  6.  Point  8  was  next  treated,  because  it  needed 
considerable  adjustment,  and  also  because  it  was  evident  that  this  adjusted 
value  should  be  pretty  nearly  correct.  This  last  statement  is  true  for  the 
reasons  that  neither  6  nor  10  needed  much  adjustment,  and  that  the 
adjustments  at  points  7  and  9  would  not  affect  materially  the  conditions 

at  8,  as  the  values  of  the  — 's  of  7-8  and  8-9  were  small.     The  correction 
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42 

required  at  8  was  -r^-^  =  +0.7,  giving  a  change  of  +  8  in  &-8  at  6,  +  1 

00. o 

in  7-8  at  7,  + 1  in  8-9  at  9,  and  +  9  in  8-10  at  10.  Points  1,  3,  5,  7,  and  9 
all  needed  considerable  adjustment.  It  was  decided  to  correct  3  first,  as 
it  was  more  in  error  than  any  of  the  others.     The  adjustment  made  was 

65 
r^^  =  +  1.2,  giving  a  change  of  +  12  in  1-3  at  1,  0  in  2-3  at  2,  and  +  16 

in  3-5  at  5.  (The  change  in  3-4  at  4  was  not  figured,  as  the  first  adjust- 
ment at  point  4  had  already  been  made.)  The  totals  of  the  summations 
at  points  5,  7,  and  9  then  stood  —31,  —46,  and  —46,  hence  it  was  some- 
what uncertain  as  to  which  it  would  be  best  to  adjust  first.  Point  7  was 
selected,  as  it  would  tend  to  give  better  results  at  both  5  and  9,  leaving 
point  7  the  only  one  likely  to  be  much  in  error  after  completing  the  ad- 

46 
justmeiit.     The  change  at  7  was  r^r:^  =  +  0.7,  and  the  resulting  changes 

d8.o 

were  +  11  in  5-7  at  5,  +  11  in  7-9  at  9,  and  +  1  in  6-7  at  6.     Point  5 

20 
was  then  adjusted  by  —  =  +  0.3,  giving  a  change  of  +  1  in  5-6  at  6. 
oo 

35 
The  change  required  at  point  9  was  ;^  =  +  0.5,  causing  changes  of  +  8 

in  9-11  at  11,  and  +  1  in  9-10  at  10.  Point  11  was  next  adjusted.  This 
point  was  pecuUar,  in  that  any  change  in  the  value  of  the  T  of  member 
11-13  at  11  was  accompanied  by  an  equal  change  in  the  same  member 
at  13,  due  to  the  fact  that  the  truss  and  its  loading  were  both  sj^mmetrical 

about  14.    Since  T^n  =  ~  ^mw.-  the  expression  —  (  Tnm  +  «  ^mn  )  for  this 

member  becomes  -  —  Tnm-     The  2  -  for  point  11  should,  therefore,  be  re- 
^  I  t 

duced  by  one-half  of  the  y  of  1 1-13,  before  using  it  as  a  divisor,  giving 

17 

51.3.     The  change  required  at  11  was,  therefore,  r— ^  =  +  0.3,  while  that 

51.0 

at  point  13  was  —  0.3.  Point  10  was  next  considered,  but  no  change  was 
made  there,  as  the  total  summation  was  only  —  3.     Point  6  was  then 

13 
taken  up,  the  required  adjustment  being  ry-^  =  —  0.2.    Point  1  was  then 

54.0 

40 
adjusted,  a  correction  of  rTrr  =  —  1.1   being  required,  giving  a  change 

OD.5 

of  —  9  in  1-2  at  2.     The  adjustment  at  Point  2  was  then  made,  the  nec- 

22 

essary  change  being  ^—  =  —  0.7.      Point  14  required  no  adjustment,  as 
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its  true  position  was  evident  from  the  fact  that  both  the  truss  and  its 
loading  were  symmetrical  about  the  said  point. 

The  second  trial  values  of  the  angles  T  found  as  above  should  be 
about  correct.     In  order  to  test  this  fact,  as  well  as  to  give  a  check  on 

the  work,  the  summations  of  the  quantities  j  (  Tnm  +  tt  Tmn)    should 

again  be  made  up.  In  the  problem  above  explained,  there  were  summa- 
tions of  —6  at  point  1,  +  14  at  Point  7  and  +  4  at  Point  9,  the  other 
summations  being  2  or  less.  Evidently  an  adjustment  of  +0.2  was 
required  at  1  and  —  0.2  at  7.  The  third  trial  values  of  the  T"s  were 
then  worked  out.  Point  1  was  first  adjusted  by  +  0.2;  and  the  resulting 
changes  at  Points  2  and  3  were  figured.  Point  7  was  next  corrected  by 
—  0.2;  and  the  resulting  changes  at  points  5,  9,  6,  and  8  were  computed, 
those  at  6  and  8  being  less  than  1.  The  new  summation  at  9  was  +  1, 
indicating  that  no  change  was  needed  there;  and  that  at  5  was  —  2,  for 
which  no  correction  was  required.  All  other  third  trial  values  of  the 
T"s  were  the  same  as  the  second  trial  values.     The  summations  of  the 

quantities  y  f  T^m  +  9  ^mn )    were  then  worked  out  from  these  third  trial 

values.  These  summations  indicated  that,  in  this  problem  at  least,  no 
further  changes  were  necessary. 

In  general,  it  will  be  found  unnecessary  to  carry  the  work  further  than 
the  finding  of  the  third  trial  values.  However,  if  for  any  reason  they 
should  not  be  near  enough  to  the  correct  values,  the  process  can  evidently 
be  continued  until  the  results  are  satisfactory. 

The  method  above  outlined  will  be  found  less  laborious  than  the  anal3rt- 
ical  method  usually  employed,  even  if  it  be  thought  necessary  to  carry 
the  work  through  clear  to  the  check  of  the  summations  of  the  third  trial 
values  of  the  T's,  as  was  done  for  the  sake  of  illustration  in  the  example 
above  explained.  However,  the  method  has  the  further  advantage  that 
it  is  possible  to  tell  at  any  stage  of  the  work  the  probable  errors 
in  the  trial  values  of  the  T's  which  have  been  obtained,  and  thus  to 
decide  in  an  intelligent  manner  whether  it  is  worth  while  to  carry  the 
work  any  further.  Thus,  it  is  known  that  even  the  first  trial  values  of 
the  T"s  will  usually  be  within  one  or  two  ten-thousandths  of  a  radian 
of  the  correct  values,  and  by  Equation  5  the  probable  error  in  the  fibre 
stresses  in  any  member  due  to  the  said  differences  can  be  determined. 
This  error  for  ordinary  trusses  will  not  exceed  1,000  pounds  per  square 
mch.  For  the  truss  above  discussed  the  maximum  error  is  1,000  pounds 
per  square  inch;  and  by  comparing  the  fibre  stresses  computed  from  these 
first  trial  values  with  those  obtained  from  the  third  trial  values,  it  will 
be  noted  that  the  general  agreement  is  close,  and  that  for  practical  pur- 
poses the  approximate  values  would  suit  very  well.  It  is  to  be  remem- 
bered that  the  important  point  in  a  secondary  stress  investigation  is  not 
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the  determination  of  the  exact  values,  of  the  said  stresses  (for  it  is  not 
to  be  expected  that  the  figures  given  by  the  computations  will  agree  very 
closely  Avith  those  in  the  actual  structure),  but  to  determine  whether 
the  said  stresses  are  small  and  unimportant — ranging,  say,  between  zero 
and  3,000  pounds  per  square  inch — or  whether  they  are  large  and  unde- 


sirable. 


As  the  ratios  12,000  y  have  already  been  computed,  it  takes  but 


a  few  moments  to  determine  the  approximate  amounts  of  the  stresses  in 
the  various  members,  before  deciding  whether  it  is  worth  while  to  proceed 
further. 

In  general,  however,  it  will  be  best  at  least  to  check  the  summations 
at  the  various  panel  points,  using  the  first  trial  values.  As  soon  as  these 
summations  have  been  obtained,  the  probable  errors  in  the  first  trial 
values  of  the  T's  at  any  panel  point  can  be  told  pretty  closely  by  dividing 


the  said  summation  by  the  sum  of  the  y's  at  the  point. 


If  these  probable 


errors  be  figured  in  this  manner  for  the  truss  illustrated  in  the  example 
at  the  end  of  the  chapter,  and  if  the  results  be  compared  ^vith  the  differ- 
ences of  the  first  and  third  trial  values,  we  find  the  following  results: 


Point 

Probable  Error 

Difference  of 

First  and  Third 

Trial  Values 

1 

+0.8 
+0.5 
-1.3 
-2.0 
-0.8 
-0.4 
-0.7 
-0.7 
-0.7 
-0.2 
-0.4 

+0.9 

2 

+0.7 

3 

-1.2 

4 

-2.0 

5      

-0.3 

6 

+0.2 

7 

-0.5 

8 

-0.7 

9 

-0.5 

10         

0.0 

11 

-0.3 

It  is  noted  that  the  greatest  discrepancy  is  0.6,  there  being  but  one 
other  exceeding  0.2.  Evidently  if  the  first  trial  values  of  the  T"s  were  cor- 
rected in  the  approximate  mamier  just  described,  the  maximum  error  in 

any  quantity  (  Tnm  +  "^  Tmn )  would  be  six  ten- thousandths  of  a  radian. 

Q 

As  the  maximum  value  of  12,000  y  is  a  little  over  500,  the  maximum  error 

in  any  of  the  fibre  stresses  would  be  about  300  pounds  per  square  inch. 
Evidently  we  can  obtain  results  sufficiently  accurate  in  many  cases  by 
making  the  corrections  in  this  way.  However,  as  it  does  not  take  much 
time  to  figure  the  second  trial  values  in  the  manner  jireviously  outlined, 
it  will  usually  be  worth  while  to  do  so.     These  second  trial  values  will 
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servo  for  practically  any  case.  In  the  truss  above  discussed  the  maximum 
error  in  the  second  trial  values  of  the  T"s  is  0.2,  and  in  the  resulting  fibre 
stresses,  100  pounds  per  square  inch.  As  a  check  it  will  be  best  to  cal- 
culate also  the  fiummations  for  the  second  trial  values.  From  these 
summations  the  errors  in  the  second  trial  values  can  be  told  at  once, 
and  the  question  as  to  the  advisability  of  making  any  further  adjust- 
ments can  be  di^cided.  It  may  occasionally  be  necessary  to  figure  the 
third  trial  values;  and  once  in  a  while  it  may  be  thought  best  to  figure 
also  the  resulting  summations. 

There  is  a  particular  case  which  might  be  mentioned  in  which  the 
method  just  outlined  could  be  used  to  advantage.  It  may  occasionally 
be  desirable  to  determine  the  probable  values  in  some  proposed  truss 
before  its  design  has  been  made.  In  this  case  the  truss  dimensions  and 
the  unit  stresses  in  the  various  members  should  be  determined,  and  the 
first  trial  values  of  the  T"s  computed.  Now  by  assuming  the  values  of  c 
for  the  various  members,  the  approximate  values  of  the  secondary  stresses 
can  be  figured.  If  results  a  trifle  more  accurate  are  desired,  approximate 
values  of  the  /'s  can  be  assumed  for  the  various  members,  and  rough 
second  trial  values  of  the  T's  computed. 

The  method  can  also  be  easily  applied  to  the  analysis  of  any  desired 
portion  of  a  structure,  such,  for  instance,  as  a  continuous  chord  in  a  pin- 
connected  bridge,  or  the  loaded  chord  of  a  truss  with  subdivided  panels. 

The  method  of  finding  the  amounts  of  the  rotations  of  the  various 
members  from  the  Williot  diagram  can  be  used  to  advantage  for  the 
checking  of  changes  in  the  angles  in  various  parts  of  the  structure,  when 
the  latter  are  computed  by  the  method  explained  in  "Modern  Framed 
Structures,"  Grimm's  book,  and  the  A.  R.  E.  A.  report. 

In  order  to  use  the  method  above  proposed  to  the  best  advantage,  the 
full  panel  loads  for  which  the  truss  is  designed  should  be  employed,  rather 
than  arbitrary  unit  loads;  for  with  the  latter  it  will  generally  be  impos- 
sible to  judge  from  the  approximate  values  of  the  T's  as  to  the  actual 
fibre  stresses  under  the  full  panel  loads,  and  it  will  be  somewhat  difficult 
to  decide  how  accurately  the  work  should  be  carried  out.  However,  it  can 
be  used  to  determine  the  stresses  due  to  loads  on  a  portion  of  a  truss  only. 
When  it  is  desirable  to  analyze  a  truss  for  partial  loadings,  as  well  as  for 
full  load  over  the  entire  span,  the  following  plan  should  be  followed: 

First.  Figure  stresses  for  full  dead  plus  live-plus-impact  loads  over 
the  entire  structure,  and  then  compute  therefrom  (by  proportion)  the 
stresses  for  the  dead  load  and  the  live-plus-impact  load  separately. 

Second.  Calculate  the  stresses  for  the  live-plus-impact  load  at  all 
except  the  end  load  point  of  the  truss.  It  will  be  necessary  to  consider 
but  three  or  four  panels  at  the  end  of  the  span,  as  the  secondary  stresses 
in  the  other  portions  of  the  truss  will  be  about  the  same  as  for  the  full 
load  condition.  The  primary  stresses  and  the  elongations  need  be  com- 
puted for  the  members  in  these  panels  only,  and  the  Williot  diagram  can 
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be  started  at  the  end  of  the  truss.  In  figuring  the  values  of  the  T's,  it 
will  be  necessary  to  assume  approximately  their  values  at  the  points 
where  the  portion  of  the  truss  under  consideration  joins  the  remainder 
thereof;  and  these  may  be  taken  as  equal  to  their  values  for  full  load, 
as  previously  figured,  multiplied  by  the  ratio  of  the  primary  chord 
stresses  (at  the  said  points)  under  partial  loading  to  those  under  full 
loading. 

Third.  Repeat  this  method  for  as  many  loadings  as  may  be  desired, 
using  each  time  one  less  panel  load  than  before,  and  figuring  each  time 
the  stresses  in  the  panels  near  the  "head  of  the  train"  only. 

Quite  a  number  of  trusses  have  been  analyzed  for  secondary  stresses, 
and  the  results  published.  Grimm's  book,  "Modern  Framed  Structures," 
the  A.  R.  E.  A.  report,  and  Mr.  Kunz's  article  in  Engineering  News  give 
a  number  of  examples.  In  Figs.  11a,  lie,  and  lie  are  shown  the  outlines 
of  three  riveted  trusses  which  have  been  analyzed  in  the  author's  office. 
The  first  of  these  is  a  200'  double  track  railway  span,  designed  for  Class 
R  of  De  Pontibus ;  the  second  is  a  201'  single  track  railway  span  of  the 
Iowa  Central  Railway  Bridge  over  the  Mississippi  River  at  Keithsburg, 
111.;  and  the  third  is  a  428'  span  employed  in  the  first  design  of  the  Fratt 
Bridge  over  the  Missouri  River  at  Kansas  City,  Mo.  The  secondary 
stresses  in  the  200'  double  track  span  are  shown  in  Table  11a  and  Fig. 
116;  those  in  the  201'  single  track  span,  in  Table  116  and  Fig.  lid;  and 
those  in  the  428'  span,  in  Table  lie  and  Fig.  11/.  It  is  interesting  to 
note  the  entirely  different  character  of  the  stresses  in  the  end  panels  of 
the  trusses  in  Figs.  116  and  lid,  which  difference  is  due  to  the  presence 
of  the  collision  strut  in  the  former.  The  secondary  stresses  in  the  trusses 
of  the  Fratt  Bridge  as  finally  constructed  were  not  as  high  as  those  shown 
here,  for  some  of  the  members  were  designed  considerably  shallower,  and 
adjustments  were  made  to  relieve  certain  of  the  most  severe  secondary 
stresses.  The  large  secondary  stresses  caused  by  the  action  of  the  members 
which  ar-e  not  a  portion  of  the  main  truss  system  should  be  particularly 
observed. 

In  Table  llg  and  Fig.  llj  are  given  the  secondary  stresses  in  the  296' 
span  previously  discussed  in  this  chapter. 

In  figuring  the  secondary  fibre  stresses  in  the  trusses  shown  in  Figs. 
11a,  lie,  lie,  and  llg,  the  gross  moments  of  inertia  were  employed  in  all 
cases.  While,  strictly  speaking,  the  net  value  should  be  used  for  the 
tension  members,  yet,  as  the  higher  stresses  occur  only  at  the  panel  points, 
where  there  is  generally  a  considerable  excess  of  section,  the  error  in  most 
cases  is  of  small  importance.  Where  there  is  no  such  excess,  the  net 
figures  should  be  employed.  In  calculating  the  ratios  of  the  secondary 
stresses  to  the  primary  stresses,  the  primary  unit  stresses  were  computed 
by  using  the  gross  areas  of  the  members,  so  that  the  resulting  percentages 
will  be  about  correct  for  the  tension  members  as  well  as  for  the  compres- 
sion members.     It  will  be  noted  that  the  primary  unit  stresses  in  some  of 
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Vi Uz  U3  Uj  Uz  u! 


Fig.  11a.     Truss  Diagram  of  a  200-foot,  Double-track-railway,  Through, 
Riveted,  Pratt-truss  Span. 
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FiQ.  116.     Secondary-stress  Diagram  of  a  200-foot,  Double-track-railway,  Through, 

Riveted,  Pratt-truss  Span. 
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Fig.  lie. 


Truss  Diagram  of  a  201-foot,   Single-track-railway,   Through,   Riveted, 
Pratt-truss  Span. 
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Secondary-stress   Diagram  of  a  201-foot,   Single-track-railway,   Through, 
Riveted,  Pratt'truss  Span. 
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TABLE  11a — Secondary  Stresses  in  a  200-Foot,  Double- 


Section 

Gross 
Area 

Maximum  Pbi- 

Member 

Total 

LoMi 

r  1  Gov.  PI.  29  X  ^           1 
2Z^  3H  X3H  X  ^ 
2  Z^  6  X  6  X  H 
2  Bott.  Pis.  7  X  ^ 

,  2  Webs  28M  X  ii 

90.1 

1,328,000C 

MxUx 

Same  as  for  LoAf  1 

90.1 

1,328,000C 

u,m 

UiUz 

f/sf/'a 

Same  as  "or  L^Mi 
[Gov.  Pis.,  Z^  etc. 
]  as  for  LqMi 
[  2  Webs  28M  X  1 
Same  as  for  U^Ui 

90.1 
108.0 
108.0 

1,425,000C 
1,707,000C 
1,707,000C 

i'oA'l 

/4  Z^  6  X6  X  ^              \ 
\  2  Pis.  28  X  ^                  / 

63.4 

855,000r 

i'1^2 

Same  as  for  LoLi 

63.4 

855,000r 

LiLz 

i-'J-'  3 

/4  Z^  6  X  4  X  M             \ 
1  4  Pis.  28  X  M                  / 
/  Pis.  and  Z  -^  as  for  LiL^    \ 
\2Pls.  15^  X  3^               / 

111.8 
127.3 

l,425,000r 
l,707,000r 

C/1L2 

U^L, 

/4Z^  6  X6  X  %              \ 
\2Pls.  24XM                   / 
/4Z^33/^  X3J^  X  H      \ 
\  2  Pis.  21  X  K                   J 

69.7 
49.8 

961,000r 
617,000r 

UM 

2  D  15"  X  40  lbs. 

23.5 

3i9,ooor 

LzM 

2  D  15'    X  40  lbs. 

23.5 

319,000r 

u,u 

2  D  15"  X  55  lbs 

32.4 

410,000T 

C/2L, 

/4Z-3MX3HXM      1 
\  2  Pis.  21  X  5^                   / 

39.3 

495,000c 

f/jLa 

2  D  15"  X  40  lbs. 

23.5 

267,000C 

MiL: 

/4  Z^6  X  4  X^^               \ 

1 1  PI  18M  X  y^          ] 

21.4 

0 

the  web  members  are  quite  low,  which  is  due  to  the  fact  that  they  were 
proportioned  for  reversal. 

The  stresses  in  the  four  trusses  showai  herewith,  and  those  in  most  of 
the  others  which  have  been  pubhshed,  have  been  figured  for  a  single 
position  of  loading,  generally  full  load  over  the  entire  span.  While  these 
are  not  the  maximum  secondary  stresses  in  all  portions  of  the  structure, 
they  are  usually  pretty  close  to  the  greatest  values  for  most  of  the  mem- 
bers. As  a  general  rule,  the  maximum  total  stress  on  any  member  occurs 
when  it  receives  its  greatest  direct  stress,  even  though  its  secondary  stress 
may  be  greater  for  some  other  condition  of  loading.     Evidently,  there- 
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Track-Railway,  Through,  Riveted,  Pratt-Truss  Span 


MARY  Stresses 


Unit 


14,S50r 

14,850C 
15,820C 
15,800C 
15,800C 

13,480r 
13,480r 
12,740T 
13,420r 

13,780r 
12,390r 
13,570r 
13,570r 

12,650r 
12,600C 
11,260C 

0 


Secondary  Stresses 


M, 

Ml 

Ui 
Ui 

U-. 

U'z 

Lo 
Li 
L, 
Lo 
L2 
U 
L3 
L', 

C/i 

u 

U2 
u 

Uz 

M 
L3 
M 

Li 

U 

u, 
L3 

Uz 

Ml 
Li 


Top 


1,330(7 
8,300C 
8,300C 


4,700C 
2,400C 
1,900(7 
1,900C 
1,900C 


440r 

i,4oor 


8or 
i.eooT' 

Left 

Vsor 

4,000C 
2,030(7 

Top 
210T 


Bottom 


5,800C 
5,800C 


2,300r 
2,800r 
2,500r 


3,200T 
2,8007' 
2,800r 


250r 
3,100r 

'  11  or 

1,1007' 
1,400^ 
7507' 
Right 
1,5507' 


4,600C 

i,400C 
Bottom 

esoT 


Per  Cent  of 
Maximum 
Primary 


9.0 

55.9 

55.9 
39.0 
36.6 
30.3 
15.2 
12.0 
12.0 
12.0 

17.1 
20.8 
18.5 
3.3 
11.0 
25.1 
20.9 
20.9 

0.6 

1.8 

25.0 

12.9 

0.8 

8.1 

10.3 

5.5 

12.3 
5.8 
31.7 
36.5 
18.0 
12.4 


fore,  the  results  for  a  fully  loaded  span  represent  the  worst  effects 
on  the  chords  and  end  posts.  For  the  web  members  near  the 
ends  of  the  truss,  this  same  loading  also  gives  fair  values.  For  web 
members  near  the  centre  of  the  truss,  the  correct  maxima  may  be 
considerably  greater  than  those  given  by  the  said  full  loading;  but 
as  these  members  are  generally  quite  slender,  and  frequently  have 
an  excess  of  section,  the  secondary  stresses  therein  will  rarely  be  of 
any  importance. 

Quite  a  number  of  valuable  general  conclusions  can  be  drawn  from 
the  investigations  thus  far  made.      One  of  the  best  summaries  is  that 
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TABLE  116— Secondary  Stresses  in  a  201-Foot,  Single- 


Gross 

Maximum  Pri- 

Member 

Section 

Area 

1 
Total 

f  1  Gov.  PL  27  X  1^           \ 

Lol/i 

4Z^3M  X  3M  X    ^      I 

1  2  Z^  6  X  4  X  ^               1 

2  Webs  20  X  xi                J 

Gov.  PI.  and  Z^                 1 

60.95 

769,000C 

Uxm 

•  as  for  Lof/i                          ] 

2  Webs  20  X  A                J 

f  Gov.  PI.  and  Z*                 1 

55.95 

820,000C 

U^Uz 

■  as  for  LoC/i                          \ 
2  Webs  20  X  H" 

65.95 

984,000C 

UzUz' 

Same  as  for  UzUz 

65.95 

984,000C 

LaLi 

/4Z^3^  X3^  X  1^      \ 
\  2  Pis.  24  X  tk                   / 

38.48 

492,000T 

LiiLi 

/4  Z^  3^  X  31^  X  A      I 
\  2  Pis.  24  X  A                   J 

38.48 

492,000r 

I'2-£'3 

/4Z^3HX3^XJ^      \ 
\  4  Pis.  24  X  J/^                   / 

61.00 

820,ooor 

LzL'z 

/4  Z^3^  X  3H  X  H      I 
\  4  Pis.  24  X  5^                   J 

73.00 

984,000r 

UiU 

/4Z3-HX33^XH      I 
\  2  Pis.  20  X  M                   / 

43.00 

554,000r 

/4  Z^33^  X  3J^  X  1^      \ 

31  48 

357,000r 

U2L3 

\  2  Pis.  20  X  H                   J 

Uz^d 

4  Z*6  X  3M  X  1^ 

15.88 

184,000r 

LzM 

4  Z^6  X3H  X  1^ 

15.88 

184,000r 

UxU 

2  D  15"  X  33  lbs. 

19.80 

226,000r 

U2U 

2  c^  15"  X  45  lbs. 

26.50 

288,000C 

UzU 

2  D  15"  X  33  lbs. 

19.80 

155,000c 

given  in  the  report  of  the  A.  R.  E.  A.  Committee  before  mentioned,  from 
which  the  following  extract  is  taken: 

"  (1)  In  any  given  truss  the  amount  of  bending,  or  the  sharpness  of  curvature, 
produced  in  the  members  is,  in  general,  proportional  to  the  intensity  of  the  primary 
stresses,  that  is,  the  larger  the  primary  stresses  the  greater  the  deformation,  both 
longitudinally  and  in  bending. 

"The  fibre  stresses  resulting  from  this  bending,  that  is,  the  secondary  unit  stresses, 
are  proportional  to  the  bending  and,  therefore,  proportional  to  the  primary  stresses. 
It  follows  that  in  any  given  truss,  for  any  given  method  of  loading,  the  secondary     ' 
stresses  bear  a  fixed  percentage  to  the  primary  stresses,  no  matter  what  the  amount 

of  the  load  may  be.  j  +         • 

"  (2)  Other  things  being  equal,  or  similar,  the  percentage  of  the  secondary  stress  is 
proportional  to  the  distance  to  outer  fibre  in  the  plane  of  bending,  and  inversely  pro- 
portional to  the  lengths  of  the  members.     When  the  members  are  symmetrical  the 
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secondary  stresses  will  be  proportional  to  the  ratios  of  widths  to  lengths.  Thus,  if  two 
trusses  are  compared  in  which  the  general  dimensions  and  moments  of  inertia  of  mem- 
bers are  proportional,  but  the  ratio  of  depth  to  length  of  the  various  members  of  one 
truss  is  in  all  cases  twice  this  ratio  in  the  other  truss,  then  the  percentages  of  the  sec- 
ondary stresses  in  the  first  truss  will  be  twice  the  percentages  in  the  second  truss.  This 
relation  comes  about  from  the  fact  that  in  the  two  assumed  cases,  if  the  primary  stresses 
are  equal,  the  angular  deformations  of  the  members  in  the  two  trusses  will  be  the  same, 
and,  for  a  given  angular  deformation,  the  resulting  fibre  stress  is  proportional  to  the 
ratio  of  depth  to  length. 

"(3)  The  secondary  stresses  in  any  particular  member  are  dependent  upon  the 
distortions  of  all  the  members  of  the  truss,  but,  primarily,  upon  the  distortions  of  the 
members  of  the  particular  triangles  of  which  this  member  is  a  part  and  of  the  members 
of  the  adjoining  triangles. 

"  (4)  Bearing  in  mind  the  above  principles,  it  is  possible  to  predict  from  calcula- 
fcioas  of  typical  trusses  the  secondary  stresses  in  any  particular  type  of  truss  in  terms 
of  ratio  of  depths  to  lengths  of  members  with  a  considerable  degree  of  accuracy. 
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"  (5)  The  more  uniform  the  proportions  of  a  truss  the  less,  in  general,  will  be  the 
secondary  stresses.  Sudden  changes  in  length,  width,  or  moment  of  inertia  are  likely 
to  result  in  relatively  large  secondary  stresses. 

"  (6)  Trusses  consisting  of  approximately  equilateral  triangles,  and  without  hangers 
or  vertical  struts,  present  the  most  uniform  conditions  and  will  have,  in  general,  the 
lowest  secondary  stresses.  A  truss  composed  of  right-angle  triangles  will  show  some- 
what higher  secondary  stresses,  and  such  stresses  will  be  large  if  the  ratio  of  height 
to  panel  length  is  large. 

"  (7)  Wherever  hangers  or  vertical  struts  are  used  to  support  single  joint  loads, 
as  in  a  Warren  girder  with  verticals,  or  in  a  Pratt  truss  (at  the  hip  vertical,  or  at  the 
centre  vertical  in  the  case  of  a  deck  bridge)  the  secondary  stresses  in  the  adjacent 
chord  members  are  likely  to  be  considerably  larger  than  elsewhere.  The  best  arrange- 
ment, so  far  as  secondary  stresses  are  concerned,  is  where  each  web  member  forms  an 


t^o      fJi      ^2      Uj      y^f     Us      Uj      (J?     Us     if}      Ui     (/3     U2     U'     Ui 


Lz      Ij      l^     Lj      Le     Lj     l^      L's     Z;      L'3      L'z      Z/^ 
f4  panefs  @  J0'-7''  428'-2 


Mi 


Fig.  lie.     Truss  Diagram  of  a  428-foot,  Double-deck,  Double-track-railway,  Electric- 
railway,  and  Highway,  Riveted,  Petit-truss  Span. 


integral  part  of  the  entire  truss  so  that  its  stress  will  gradually  change  as  the  load  pro- 
gresses. 

"  (8)  Considering  the  fact  that  secondary  stresses  are,  in  general,  proportional  to 
the  ratios  of  depths  to  lengths  and  considering  the  principles  stated  in  the  preceding 
paragraphs,  it  follows  that  the  secondary  stresses  in  trusses  where  the  panels  are  sub- 
divided, as  in  the  Baltimore  or  Petit  system,  are  likely  to  be  very  high.  In  the  case 
of  pin-connected  trusses  this  may  also  be  the  case  with  the  top  chord." 

Several  other  conclusions  can  be  stated,  more  or  less  in  line  with  those 
quoted. 

The  double-intersection  triangular  truss  without  verticals  is  found  to 
give  exceedingly  high  secondary  stresses.  If  verticals  be  added  at  each 
panel  point,  these  stresses  reduce  very  materially  and  become  of  about 
the  same  magnitude  as  those  in  the  Pratt  and  the  Triangular  systems. 

The  K-system  of  trussing,  which  is  being  used  for  the  new  Quebec 
Bridge,  is  quite  free  from  severe  secondary  stresses,  being  similar  to  the 
Pratt  and  the  Triangular  systems  in  this  respect,  but  permitting  eco- 
nomical panel-lengths  with  great  truss  depths  as  in  the  Petit  system. 
The  fact  of  its  having  no  secondary  members  explains  its  immunity  from 
excessive  secondary  stresses. 

The  conclusion  can  also  be  drawn  from  the  A.  K.  E.  A.  report  that 
for  trusses  of  the  Triangular  or  the  Pratt  type  without  hangers,  the  ratio 
of  secondary  stresses  to  the  primary  ones  will  probably  run  about  3.5  X 

depth  of  member     ,    ^  .»  ,  ,  ,         ,         ^u     u-  ..•     i  • 

,     -         -; — :    but  if  hangers  be  used,  such  as  the  hip  vertical  m  a 
length  of  member 
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TABLE  lie. — Secondary  Stresses  in  a  428-Foot,  Doubue-Deck, 

Petit-Truss 


Member 


U.Ue. 
UbUt. 

LoLi. 
UU. 

LiiLi,. 

L^Lt  . 

LoMi. 

M1U2 
U2M3 


Section 


8  Z^  6  X  6  X  iV 
2  Webs  MX   % 

Same  as  for  U^Ui 

[  2  Gov.  Pis.  61  X  H 
4  Z^  6  X  6  X  ^ 
4  Z^  8  X  6  X  ^ 
2  Webs  54  X  H 

[  2  Webs  54  X  H 

Same  as  for  U2U3 

[Gov.  Pis.  and  Z^ 
I  as  for  U2U3 

4  Webs  54  X  ^ 
[  2  Webs  54  X  U 

Same  as  for  U^Us 

(  Gov.  Pis.  and  Z* 
I  as  for  U2U3 

4  Webs  54  X  ^ 
[  2  Webs  54  X  H 

4  Z^  6  X  6  X  J^ 
4  Pis.  72  X  H 

Same  as  for  LqLi 
Same  as  for  LqLi 

Same  as  for  LqLi 

4  Z^  6  X  6  X  ^ 
4  Pis.  72  X  M 
2  Pis.  72  X  14 

Same  as  for  I/4L5 

4  Z*6  X  6  X  K 
8  Pis.  72  X  H 

Gov.  Pis.  and  Z* 
as  for  U2U3 
4  Webs  54  X  M 
Gov.  Pis.  and  Z^ 
as  for  U2U3 
2  Webs  54:  X  H 
2  Webs  54  X  H 
4  Z^  6  X  6  X  ^ 
6  Pis.  48  X  H 
4  Z^  6  X  6  X  ^ 
2  Pis.  48  X  M 
4  Pis.  48  X  U 
4  Z^  6  X  6  X  ^ 
2  Pis.  36  X  M 
2  Pis.  36  X  H 
4  Z^  6  X  6  X  ^ 
2  Pis.  36  X  H 
2  Pis.  36  X  V^ 


Gross 
Area 


MAxnnm  Pri- 


Total 


81.0 
81.0 

315.1 

315.1 
369.1 
369.1 
375.8 

237.0 
237.0 
237.0 
237.0 

372.0 

372.0 
435.0 

321.9 

294.9 

226.4 
208.4 

131.9 

113.9 


280,000C 
237,000C 

5,234,000C 

5,191,000C 
6,157,000C 
6,114,000C 
6,196,000C 

3,275,000T 
3,275,000r 
3,275,000T 
3,275,0007 

5,295,000T 

5,295,000r 
6,174,000r 

5,054,000C 

4,665,000C 
3,234,000r 
2,939,000r 
l,868,000r 
1,618,000T 
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Double-Track  Railway,  Electric-Railway,  and  Highway,  Riveted 
Span 


MARY  Stresses 


Unit 


3,460C 
2,930C 

16,6100 

16,480C 
16,660C 
16,580C 
16,480C 

13,830r 
13,830T 
13,830r 

14,230r 

14,230r 
14,200r 

16,200C 

15,840C 
14,280T 

i4,ioor 

14,170T 
14,210T 


Secondary  Stresse:s 


Point 


Top 


8,430C 
11,350C 


2,880C 

2,690C 
4,700C 

3,370C 


3,980C 

3,910C 
3,010C 

3,450T 


1,720T 
7,960r 


9,730r 
9,170r 


5,140r 
4,3407^ 


2,190C 
7,630C 


8,170C 
3,4907 

5,060r 


l,220r 
1,340T 


Bottom 


1,060C 

8,700(7 
8,050C 


2,460C 
2,670C 


15,420r 
15,o80r 


9,700T 
9,320T 


9,7007' 
9,.550r 

i"2,946t 


8,170C 


4,720r 
4,220T 


3,3ior 


460T 


Per  Cent  of 
Maximum 
Primary 


48.4 
17.3 

16.3 

28.5 

20.2 
14.7 

16.1 
24.0 

23.7 
18.3 

25.0 
111.6 
112.7 
55.8 
57.6 
70.1 
67.4 
70.4 

64.5 

68.2 

67.1 
36.1 
30.6 
91.1 

13.5 

47.1 

51.6 
51.6 

24.5 
33.1 
30.0 

35.9 
23.4 

8.6 
9.4 

3.3 
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TABLE  lie. — Continued. — Secondary  Stresses  in  a  428-Foot,  Double- 
Petit-Truss 


Section 

Gross 

Maximum  Pri- 

Member 

Total 

UeMy 

/4  Z^  6  X  4  X  3^               \ 
1  2  Pis.  22  X  A                    / 

43.7 

497,000T 

LeMr 

Same  as  for  U^M: 

43.7 

497,000c 

M1L2 

Same  as  for  U^My 

43.7 

522,000C 

L2M3 

Same  as  for  C/gM; 

43.7 

522,000C 

L4M5 

Same  as  for  U^Mj 

43.7 

522,000C 

U2L2 

L4M4 

f4  Z^  6  X  6  X  %              1 

2  Pis.  36  X  A 
1  2  Pis.  36  X  J^ 
/4  Z^  6  X  6  X  ^              \ 
\  4  Pis.  36  X  A                   / 

104.9 
109.4 

1,325,000T 
1,540,000C 

M4C/4 

Same  as  for  L^Mi 

109.4 

1,540,000C 

LeMe 

/4  Z^  6  X  6  X  t^              \ 
\  2  Pis.  26  X  ^                   / 

49.5 

492,000C 

MeU, 

Same  as  for  Lgilffi 

49.5 

492,000C 

LoMo 

/4Z^3HX3HX^       \ 
\  2  Pis.  20  X  M                   / 

29.9 

370,000C 

MoUo 

Same  as  for  LoMo 

29.9 

370,000C 

LiM  1 

MiC/i 

/4  Z^6  X  4  X  H              \ 
1  2  Pis.  26  X  M                   / 
/4Z^33^X3^X^       \ 
\  2  Pis.  24  X  M                   / 

58.0 
33.9 

682,000T 
125,000C 

L3M3 

Same  as  for  LiMi 

58.0 

682,000r 

M3U3 

Same  as  for  Mi  Ui 

33.9 

115,000C 

L5M6 

Same  as  for  LiMi 

58.0 

682,000r 

MM, 

Same  as  for  MiUi 

33.9 

115,000C 

L7M7 

Same  as  for  LiMi 

58.0 

682,000r 

M7C/7 

Same  as  for  MiUi 

33.9 

115,000C 

MoM, 

2  D  12"  X  25  lbs. 

14.7 

0 

M,M, 

2  D  12"  X  25  lbs. 

14.7 

0 

MeM: 

2  D  12"  X  25  lbs. 

14.7 

0 
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Deck,  Double-Track  Railway,  Electric-Railway,  and  Highway,  Riveted 
Span 


MARY  Stresses 


Unit 


ii,37or 

ll,370r 
11,940C 
11,940C 
ll,940r 

12,630r 

14,060r 
14,060C 

9,950C 

9,950C 
12,360C 
12,360C 
ll,760r 

3,860C 
n,760T 

3,390C 
ll,760r 

3,390C 
11,7607' 

3,390C 

0 
0 

0 


Secondary  Stresses 


Point 


Ml 

Le 
Mt 

Ml 

U 
Mz 
U 
Mi 

Li 

U2 

U 

Mi 

M, 

U, 

U 

Me 

M, 

U, 

u 

Mo 
Mo 
Uo 

U 

Ml 
Ml 

Ui 

u 

Mz 
Mz 

Uz 

M, 
Mo 

U, 
L, 

Mr 
M7 

Uy 

Mo 
Ml 
M4 
Ms 
Ms 

M; 


Top 


1,160C 
400C 

2,010C' 
440C 
HOC 

2,440C 

Left 


i,2ior 

2,900C 
590C 
590C 

2,770(7 


2,000(7 
3,150C 
5,720C 

l,320r 

7,440(7 


2,8207 
3,230C 


4,940C 

' "  0  ' 
0 
0 
0 

Top 

8,oior 
8,010c 

2,100r 

'1,640'r 


Bottom 


Per  ("ent  of 
Maximum 
Primary 


l,770r 
70T 


2,120c 


1,030C 

Right 
l,340r 


3,240C 

' ' ' 40C 

40C 

2,850C 


9,500C 

4,oior 

'8,420'C 
3,300r 


5,860C 

1,9407' 

5107' 

6,280'C 


Bottom 
7,130C 
7,1307' 

2,066r 

9607' 


15.6 
0.6 

10.2 
3.5 

17.8 

16.8 
3.7 
0.9 
8.6 

20.4 

10.6 

9.6 

20.6 

4.2 

4.2 

23.1 

27.9 

0.4 

0.4 

28.7 

16.2 

25.5 

46.3 

76.8 

11.2 

34.1 


28.1 
24.0 


16.5 
4.3 
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Pratt  truss,  or  verticals  at  every  panel-point  in  the  Warren  system,  the 

.1      1      111       1  •     1-1    1      ,     1      ^        depth  of  member     ^, 

ratio  I  or  the  loaded  chord  is  likely  to  be  5  X  -, ; — ;; \ — .    The 

length  or  member 

effect  of  hangers  in  a  Petit  truss  is  especially  great,  because  their  adoption 
is  very  likely  to  be  accompanied  by  the  employment  of  unusually  high 

,  .  depth  of  member      t      i      i  i  i  ,  •  •     i       i 

values  01  :; -; — '. , — -.     It  should  be  noted  in  particular  that  when 

length  oi  member 

sub-ties  are  used  in  the  through  Petit  truss,  the  secondary  stresses  in  the 
bottom  chord  are  two  or  three  times  as  great  as  those  occurring  there 
when  sub-struts  are  employed. 

The  effect  of  pins  on  the  secondary  stresses  deserves  particular  atten- 
tion. For  eye-bars  and  narrow  riveted  members,  such  as  four-angle  I- 
struts,  the  secondary  stresses  will  not  usually  develop  sufficient  moment 
to  cause  the  members  to  turn  on  the  pins.     However,  on  account  of  the 

,  .         .  depth  of  member   ....  , 

low  ratios  oi  , ^^ — 7" 1 —   m   such  pieces,  the  secondary  stresses 

length  01  member 

therein  are  not  likely  to  be  high;  and  it  is  further  probable  that  they 
become  zero  under  dead  load.  Where  deep  riveted  members  are  con- 
nected to  pins,  rotation  may  be  expected  to  take  place  when  the  sec- 
ondary stresses  become  ten  (10)  or  fifteen  (15)  per  cent  of  the  primary 
ones,  if  the  entire  stress  in  the  member  is  carried  by  the  pin;  and  these 
percentages  will  be  correspondingly  reduced  if  only  a  portion  of  the  stress 
is  carried  by  the  pin,  as  in  the  case  of  a  continuous  top  chord.  The  maxi- 
mum secondary  stresses  in  such  members  will,  therefore,  rarely  exceed 
ten  (10)  or  fifteen  (15)  per  cent  of  the  primary  ones.  In  analyzing  a 
truss  having  pin-connections  by  the  method  previously  presented  in  this 
chapter,  the  first  trial  values  of  the  T's  should  be  computed  on  the  assumpy- 
tion  that  all  members  are  fixed  to  the  pins.  The  moments  tending  to 
turn  the  pins  in  the  deep  riveted  members  can  then  be  calculated,  using 
these  first  trial  values  of  the  T"s;  and  from  the  said  values  it  can  be  deter- 
mined with  sufficient  accuracy  whether  the  said  members  will  turn.  If 
any  member  be  found  to  turn,  the  moment  on  the  end  thereof  should  be 
taken  equal  to  the  moment  which  will  just  cause  rotation.  In  the  case 
of  a  continuous  chord  which  turns  on  a  pin,  this  critical  value  of  the 
moment  will  be  applied  by  the  chord  to  the  other  members,  and  by  the 
other  members  to  the  continuous  chord.  The  method  of  figuring  the 
turning  moment  which  is  required  to  overcome  pin-friction  is  discussed 
on  page  464  of  "Modern  Framed  Structures,"  Part  II,  as  is  also  the 
question  of  the  effect  of  pin-connections  in  general. 

Perhaps  the  most  important  feature  of  the  problem  of  secondary 
stresses  is  the  determination  of  what  effects  can  be  avoided  and  what 
can  not.  It  has  been  noted  already  that  in  the  Pratt,  Triangular,  and 
K-trusses,  the  secondary  stresses  due  to  the  action  of  the  main  truss 
members  are  small,  while  those  due  to  secondary  members  are  likely 
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to  be  quite  large.  Evidently  the  important  point  is  to  get  rid  of  the 
effects  of  the  secondary  members. 

The  possibility  of  the  reduction  in  the  stresses  due  to  the  action  of 
the  main  members  ^vill  first  be  considered.  It  is  clear  that  these  mem- 
bers, other  than  chords  continuous  over  two  or  more  panels,  will  be  practi- 
cally free  from  secondary  stresses  at  the  time  they  are  riveted  up,  which 
means  under  the  no-load  or  partial-dead-load  condition.  A  chord  can 
be  reUeved  by  cambering  the  truss  for  dead  load  plus  all  or  a  part  of 
the  live  and  impact  loads,  laying  the  said  chord  out  straight,  riveting  it 
up,  and  then  bending  it  to  the  proper  camber  curve  before  attaching  the 
web  members.  The  only  way  in  which  anything  can  be  accomplished 
in  relieving  the  web  members  is  by  putting  the  span  under  a  good  portion 
of  its  total  load  before  the  riveting  is  done.  This  could  be  effected  by 
connecting  the  various  web  members  to  the  gussets  by  drift-pins  and  bolts, 
and  doing  the  riveting  after  the  span  has  been  swung  and  loaded.  The 
drift-pins  should  be  driven  in  one  compact  group  at  the  centre  of  the 
connection.  Another  method  would  be  to  provide  pins  to  carry  the 
dead-load  stresses  at  the  points  where  the  worst  secondary  stresses  occur, 
and  rivet  up  these  points  only  after  the  span  has  been  swung.  However, 
as  the  secondary  stresses  involved  are  not  usually  large,  it  would  rarely 
be  worth  while  to  go  to  that  expense. 

The  stresses  due  to  the  action  of  the  secondary  members  are  quite 
large,  however;  and  they  should  be  reduced,  if  practicable.  Evidently 
the  objectionable  feature  of  these  members  is  that  they  pull  the  main 
members  decidedly  out  of  line;  and  this  effect  is  to  be  avoided  as  far 
as  possible.  For  a  member  which  carries  no  stress,  the  problem  is  simple. 
The  proper  length  when  the  truss  is  loaded  by  the  dead  plus  a  part  or  all 
of  the  live-and-impact  loads  is  determined  by  means  of  a  Williot  diagram 
and  the  holes  in  one  end  are  either  left  blank  or  are  sub-punched  and  riot 
reamed.  The  main  connections  and  that  in  one  end  of  the  sub-member 
are  fully  riveted  and  the  span  is  swung,  and  then  a  heavy  load  is  placed 
on  the  bridge.  While  it  is  thus  loaded,  the  holes  in  the  other  end  of  the 
sub-member  are  to  be  reamed  or  drilled  and  then  the  rivets  are  to  be 
driven. 

When  secondary  members  carry  direct  stresses,  however,  as  do  hip 
verticals,  hangers,  or  sub-struts,  this  procedure  cannot  be  followed,  be- 
cause their  connections  must  be  riveted  before  any  load  can  be  placed 
on  them,  and  preferably  before  the  span  is  swung.  The  following  method 
is,  therefore,  suggested.  The  deformations  of  all  of  the  members 
of  the  truss  under  dead  load  plus  a  part  or  all  of  the  live-and- 
impact  loads  are  to  be  calculated,  the  tension  members  are  to  be  shortened 
and  the  compression  members  lengthened  by  these  amounts,  and  the 
proper  positions  of  all  panel-points  under  no-load  are  to  be  computed. 
Then  the  truss  is  to  be  laid  out  in  the  shops  with  all  of  the  main  panel- 
points  occupying  these  positions,  and  with  all  main  members  straight 
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between  the  main  panel-points.  All  the  connections  in  all  the  main 
members  are  then  to  be  reamed,  and  also  the  connection  at  one  end  of 
each  sub-member.  In  order  to  ream  the  other  end  connection  of  each 
sub-member  so  that  the  piece  will  be  of  proper  length,  the  main  members 
would  have  to  be  bent  and  the  intermediate  panel- points  shifted.  As  this 
would  be  very  difficult  to  do,  and  as  the  results  would  probably  be  inac- 
curate, the  amount  that  each  panel-point  should  be  shifted  with  respect 
to  any  adjacent  point  is  to  be  figured,  and  then  the  already  reamed  con- 
nection of  the  sub-member  joining  these  two  panel-points  is  to  be  un- 
bolted, and  the  member  slipped  longitudinally  by  the  amount  that  the 
panel-point  should  be  moved.  The  connection  at  the  other  end  of  the 
member  is  then  to  be  reamed.  This  procedure  can,  of  course,  be  followed 
with  sub-members  which  have  no  stress  as  well  as  with  those  having 
stress  in  them.  When  the  truss  is  erected,  the  main  panel-poiiits  are 
to  be  put  in  their  proper  position  on  the  camber-blocking  with  the  mem- 
bers straight  between  the  said  panel-points;  and  then  the  connections 
for  the  main  members  and  for  one  end  of  each  sub-member  are  to  be 
riveted  up.  The  main  members  are  then  to  be  bent  until  the  holes  in 
the  other  ends  of  the  sub-members  match,  when  they  also  are  to  be  riveted 
up.  This  bending  may  be  accomplished  by  the  use  of  jacks  or  steam- 
boat-rachets,  by  starting  tapered  drift  pins  in  several  holes  and  gradu- 
ally driving  them  home,  and  by  lowering  the  main  panel-points  a  trifle 
on  their  blocking.  When  the  truss  is  swung  and  covered  with  the  loading 
for  which  the  deformations  of  the  members  were  figured,  it  Avill  be  free 
from  all  secondary  stresses  due  to  the  action  of  the  sub-members. 

It  would  appear  at  first  thought  that  it  would  be  best  to  correct  for 
secondary  stresses  in  such  a  manner  that  they  will  be  zero  when  the 
full  dead-plus-hve-plus-impact  loads  are  on  the  span.  However,  at  the 
instant  that  the  chords  have  their  maximum  stresses,  the  live-load  stress 
in  any  sub-member  may  be  much  less  than  its  maximum  value,  or  even 
nearly  zero.  Since  it  is  for  the  effect  of  these  members  that  we  wish  to 
correct,  it  will  probably  give  just  as  satisfactory  results  if  the  adjust- 
ments are  made  in  such  a  manner  that  the  effect  of  the  said  secondary 
members  will  be  eliminated  when  the  span  is  under  dead  load  plus  one- 
half  of  live-and-impact  loads. 

When  a  riveted  simple  truss  span  is  erected  by  •.  emi-cantilevering, 
particular  attention  should  be  given  to  the  secondary  stresses,  because 
the  change  in  the  primary  stresses  from  erection  conditions  to  full  load 
conditions  is  very  great  in  some  members.  It  may  be  desirable  to  intro- 
duce temporary  pins  into  some  of  the  connections,  or  to  use  drift-pins 
only  for  some  of  them  until  after  the  truss  is  acting  as  a  simple  span. 

The  angle  of  rotation  of  members  at  a  support  is  usually  quite  large, 
so  that  the  use  of  pins  at  these  points  is  almost  imperative  for  spans  of 
any  size.  This  applies  to  cantilever  bridges  as  well  as  to  simple  truss 
spans,  pin-bearings  being  advisable  at  the  main  pier;   for,  otherwise,  the 
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stresses  due  to  movement  of  tlio  members  must  be  considered  and  provided 
for. 

Clause  90  of  Chapter  LXXIX,  entitled  "Correction  of  Secondary 
Stresses,"  reads  as  follows: 

"The  secondiin-  stresses  in  riveted  trusses  are  to  be  modified  by  lengthening  and 
shortening  the  various  truss  members  the  amounts  of  their  respective  shortening  and 
lengthening  under  dead  load  plus  one  half  of  the  live-plus-impact  load,  drilling  or 
regaining  the  chord  splices  while  the  chords  are  assembled  in  straight  lines,  then  forcing 
the  truss  members  into  their  proper  positions  for  connection  to  each  other  before  drilling 
or  reaming  the  holes  in  the  joints." 

This  clause  was  submitted  for  comment  in  person  by  the  author  to 
Paul  L.  Wolf  el,  Esq.,  C.E.,  chief  engineer  of  the  McClintic-Marshall 
Construction  Company,  who  is,  undoubtedly,  the  highest  American  au- 
thority upon  the  subject  of  the  correction  of  secondary  stresses.  After 
reading  it  several  times  and  considering  it  carefully,  he  reported  that 
while  it  might  be  difficult  or  even  impracticable  fully  to  live  up  to  it  in 
some  extreme  cases,  it  covered  the  ground  so  thoroughly  that  he  could 
not  suggest  any  improvement  in  its  wording.  It  will  be  noted  that  there 
is  no  essential  difference  between  this  clause  and  the  method  of  correction 
of  secondary  stresses  previously  presented  in  this  chapter. 

Bending  Stresses  in  the  Plane  of  the  Truss  Due  to  Eccentricity, 
TO  Weight  of  Members,  and  to  Transverse  Loads  on  Members 

These  bending  stresses  are  not  secondary  stresses  in  just  the  sense  that 
the  word  is  generally  used;  but  as  they  require  for  their  complete  analysis 
the  principles  employed  in  secondary  stress  computations,  they  will  be 
considered  briefly  here.  It  will  first  be  necessary  to  state  a  few  formulae 
for  continuous  beams. 

Suppose  a  beam  joining  any  two  points  1  and  2  be  acted  upon  by  a 
moment  Mi  at  the  point  1,  causing  the  end  tangent  at  1  to  turn  through 
an  angle  Ti.  Then  the  value  of  Ti  will  depend  upon  the  condition  of 
the  far  end  2,  the  length  of  the  member  I,  and  its  moment  of  inertia  /. 
We  shall  consider  four  conditions : 

First.  Beam  fixed  in  direction  at  2,  so  that  T2  (the  angle  through 
which  the  end  tangent  at  2  turns)  equals  zero. 

We  have  from  Equation  1  of  this  chapter. 

[Eq.  7] 
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whence  /i  =  — ^.  [Eq.  9] 


204  BRIDGE    ENGINEERING  CHAPTER  XI 

We  also  have  M2  =  — - — ^  =  — \  [Eq.  10] 

and  /2  =  -y-".  [Eq.  11] 

In  the  above  equations 

/i  =  stress  on  extreme  fibre  of  the  member  at  1, 
fi  =  stress  on  extreme  fibre  of  the  member  at  2, 
and  M2  =  moment  at  2. 

Second.     Beam  continuous  at  2,  and  over  several  supports  beyond. 
We  have  from  the  Theorem  of  Three  Moments, 

M2  =  0.27Mi.  [Eq.  12] 

From  this  we  find,  from  Equation  1 : 

T2=  -  0.277^1. 
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Third.     Beam  simply  supported  at  2. 

Since  in  this  case  M2  is  zero,  we  have,  by  Equation  1, 
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Fourth.  Beam  partly  restrained  at  1  by  other  beams,  and  fixed  at  2, 
carrying  a  uniform  load  of  p  per  lineal  unit. 

We  have  from  Equation  28  on  p.  469  of  "Modern  Framed  Struc- 
tures," Part  II, 

^EITi       -nl:^ 
Ml  — 

/i  = 

/2    = 

The  upper  of  the  two  signs  before  the  second  term  of  the  right-hand 
member  of  each  equation  is  to  be  used  when  Point  1  is  at  the  left  end 
of  the  beam,  and  Point  2  at  the  right;  while  the  lower  sign  is  to  be  used 
when  the  reverse  is  true. 

The  effect  of  eccentricity  at  any  joint  can  be  estimated  as  follows: 
Figure  the  moment  M  at  the  point  due  to  the  eccentricity.  This  mo- 
ment will  cause  the  ends  of  all  the  members  meeting  at  the  point  to  turn 
through  some  angle  Ti.     We  may  then  write 

M  =  S  ^^^,  [Eq.  30] 

where  K  depends  upon  the  condition  of  the  other  end  of  each  member. 
Ordinarily,  this  will  vary  from  the  continuous  condition  to  one  nearly 
fixed.  The  most  probable  values  of  K  should  be  selected,  using  Equa- 
tions 7,  14,  and  21.  The  value  of  Ti  can  thus  be  calculated,  and 
then  the  moment  Mi  and  fibre  stress  /i  in  each  member.  It  will  rarely 
be  worth  while  to  consider  the  effect  of  eccentricity  except  at  the  point 
where  it  occurs.  If  such  be  deemed  necessary,  however,  the  method  given 
on  page  462  of  "Modern  Framed  Structures,"  Part  II,  can  be  followed. 

The  bending  due  to  the  weight  of  a  member  is  generally  to  be  deter- 
mined by  the  approximate  formula  given  in  the  specifications  of  Chap- 
ter LXXVIII.  If  an  exact  figure  be  desired,  the  method  outlined  in  Arts. 
330  and  331  of  "Modern  Framed  Structures,"  Part  II,  can  be  employed. 

The  bending  due  to  transverse  loads  on  a  member  is  also  usually  to 
be  computed  by  the  same  approximate  formula  just  mentioned.  When 
all  the  panels  of  a  chord  which  is  subjected  to  such  loads  are  fully  loaded, 
there  will  be  little  tendency  to  rotate  at  any  of  the  panel-points,  or  to  set 
up  secondary  stresses  in  the  truss;   but  if  only  a  portion  of  the  chord  is 
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loaded,  the  gusset-plates  at  the  panel-point  near  the  head  of  the  train 
may  be  rotated  somewhat,  thus  causing  secondarj^  stresses  in  all  of  the 
members  meeting  at  the  said  point.  This  condition  may  be  analyzed  as 
follows:  The  chord  loaded  is  to  be  assumed  as  partly  restrained  at  the 
panel-point  in  question  and  fixed  at  its  other  end,  as  was  assumed  for  the 
fourth  condition  given  above.  The  condition  of  fixity  at  the  other  point 
will  be  about  realized,  as  there  will  be  a  load  on  the  next  panel  also,  caus- 
ing the  end  tangent  there  to  remain  nearly  in  its  original  position.  The 
moment  il/i  in  the  chord  at  the  point  in  question  is  equal  to  the  sum 
of  the  moments  in  the  other  truss  m'fembers  meeting  at  this  point,  hence 
we  may  write, 

KEITl  4:EITl  PI''  r^  , 

S— ^=— p-=.— .  [Eq.31] 

The  summation  in  this  equation  is  taken  for  all  the  members  meeting 
at  the  point  except  the  chord  member  which  is  loaded;  and  K  has  the 
same  significance  as  in  Equation  30.  The  value  of  K  for  each  member 
is  estimated,  and  Ti  is  then  calculated.  From  this  the  values  of  Mi  and 
/i  for  each  member  can  be  easily  figured.  The  effects  on  the  far  ends 
of  the  various  members  will  rarely  need  consideration. 

The  secondary  stresses  due  to  eccentricity  and  to  transverse  loads, 
as  calculated  approximately  above,  are  in  addition  to  the  secondary 
stresses  due  to  rigidity  of  the  joints.  Their  effects  will  be  small  in  almost 
any  well  designed  truss. 

Bending  Stresses  in  Members  of  a  Transverse  Frame  Due 
TO  THE  Deflection  of  Floor-Beams  and  to  Primary 
Stresses  in  Posts 

These  stresses  result  from  the  fact  that  the  floor-beams  and  the  posts 
are  riveted  rigidly  to  each  other.  It  is  found  by  an  analysis  of  the  prob- 
lem that  the  floor-beams  are  only  slightly  fixed  at  the  ends,  but  that  the 
bending  stresses  in  the  posts  are  considerable.  The  analysis  is  given  in 
"Mod.ern  Framed  Structures,"  Part  II,  page  502.  If  in  deriving  Equa- 
tions 45  and  46  on  that  page  we  take  a  =  0.36,  which  is  more  nearly 
correct  than  a  =  3^6,  we  get 

^/=|X^  lEq.32] 

/:        h         Ci 

for  the  condition  of  verticals  hinged  at  the  top,  and 

/i       3       h        ci 

for  verticals  fixed  at  top.     In  these  equations 
/i  =  fibre  stress  in  floor-beam  at  centre, 
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U  =  fibre  stress  in  post  at  bottom, 
C\  =  depth  of  floor-beam, 
f2  =  Avidth  of  post, 

6  =  distance  from  centre  to  centre  of  trusses, 
and  h  =  distance  from  centre  line  of  floor-beam  to  centre  line  of  overhead 
bracing. 
Probably  the   best  results    will   be  obtained  by  using  Equation  32, 
and  taking  h  as  the  distance  from  centre  line  of  floor-beam  to  centre  line 
of  bottom  strut  of  sway  bracing.      For  single-track  railway  bridges  of 
short  span,  fair  values  of  these  quantities  will  be 
/i  =  14,000  lbs.  per  sq.  in. 
6  =  17' 
h  =  21' 
ci  =  54" 
oz  =  13" 

/.  /o  =  14,000  X  ^  X  ^=  2,730  nearly. 
54       21  "^ 

For  long-span,  single-track  railway  bridges  we  shall  have, 
fi  =  14,000  lbs.  per  sq.  in. 
b  =  17.5' 
h  =  26' 
ci  =  54" 
C2  =  16" 

.-.  /o  =  14,000  X  ^  X  -^  =  2,790  nearly. 

For  short-span,  double-track  railway  bridges  we  shall  have, 

/i  =  14,000  lbs.  per  sq.  in. 

b  =  30' 

h  =  21' 

ci  =  84" 

C2  =  14" 

14       30 
/.  /2  =  14,000  X  g^  X  ^  =  3.'^30  nearly. 

For  long-span,  double-track  railway  bridges  we  shall  have, 

/i  =  14,000  lbs.  per  sq.  in. 

6  =  31' 

h  =  26' 

ci  =  84" 

C2  =  20" 

20       31 
/.  /2  =  14,000  X  ^  X  ;^  =  4,000  nearly. 

Evidently,  stresses  of  this  nature  are  of  some  importance  in  ordinary 
designs,  although  none  of  the  members  but  the  hangers  are  hard  hit,  as 
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a  post  does  not  receive  its  maximum  stress  when  the  floor-beam  riveted 
to  it  is  loaded,  except  in  a  deck  bridge.  Whenever  wide  distances  from 
centre  to  centre  of  trusses,  shallow  floor-beams,  or  wide  posts  or  hangers 
are  used,  the  effects  should  be  considered,  particularly  in  the  case  of 
hangers.  In  the  Quebec  Bridge  some  of  the  floor-beams  are  carried  on 
pins,  while  those  which  rivet  to  the  posts  are  to  be  so  attached  that  under 
full  load  on  the  floor-beams  the  said  posts  will  not  be  bent  out  of  line. 
In  the  author's  Fratt  Bridge,  extra  section  was  added  to  each  hanger  to 
provide  for  this  effect. 

Stresses  in  a  Horizontal  Plane  Due  to  Longitudinal 
Deformation  of  Chords,  Especially  Stresses  in  Floor-Beams 

As  a  general  rule,  the  steel  floor  system  of  a  truss  bridge  consists  of 
stringers  riveted  to  the  webs  of  the  floor-beams.  When  such  a  span  is 
loaded,  the  chords  deform  longitudinally,  while  the  axial  length  of  the 
stringers  is  practically  unchanged.  If  the  stringers  are  riveted  continu- 
ously from  end  to  end  of  the  span,  evidently  the  floor-beams  must  bend 
horizontally,  this  effect  varying  from  zero  at  the  centre  of  the  truss  to  a 
maximum  at  the  ends. 

On  page  487,  Vol.  15,  of  the  Proceedings  of  the  American  Railway 
Engineering  Association,  the  assumptions  which  are  usually  made  for 
the  calculation  of  these  stresses  are  stated  thus: 

"If  it  is  assumed  that  the  axis  of  the  stringers  does  not  elongate,  that  the  stringer 
connections  are  unyielding,  and  that  the  ends  of  the  beams  remain  vertically  over  the 
joint  centres;  then  it  follows  that  the  horizontal  deflections  of  the  beams  must  cor- 
respond to  the  elongations  (or  shortenings)  of  the  chords.  If  it  is  assumed  that  the 
centre  beam  remains  straight,  the  deflection  of  the  adjacent  beams  must  be  equal 
to  the  elongation  (or  shortening)  of  the  one  panel  of  the  chord;  the  deflection  of  the 
next  beam  wiU  be  equal  to  the  elongation  of  the  two  panels,  etc." 

Suppose  we  consider  any  floor-beam  at  a  distance  d  from  a  beam  which 
is  assumed  to  remain  straight.  Then  the  horizontal  deflection  A  of  the 
beam  at  the  point  where  the  stringers  are  attached  to  it  is,  on  the  above 
assumptions, 

A  =  f ,  [Eq.  34] 

where  s  =  unit  stress  in  chord, 
and  E  =  modulus  of  elasticity. 
Now  for  a  single-track  railway  bridge  with  two  lines  of  stringers,  it 
can  be  shown  (see  the  A.  R.  E.  A.  report  above  referred  to)  that,  assum- 
ing the  ends  of  the  floor-beam  to  turn  freely,  the  extreme  fibre  stress  /  in 
the  flange  of  the  floor-beam  is  given  by  the  formula, 

.  QEcA  Qcd  n:.     oci 
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where  c  =  half  width  of  flange, 

b  =  distance  from  centre  to  centre  of  trusses, 
and  a  =  distance  from  centre  of  a  truss  to  the  nearer  stringer. 
If  we  assume  as  ordinary  values 

h  =  17'  6"  =  210" 
a  =    5'  3"  =    63" 
and  s  =  13,000  lbs.  per  sq.  in. 
we  shall  have 

/ = mi^)  ^  ''-"^  =  '•'  '^-      "^-  '"1 

In  a  two-hundred-foot  span  we  would  have  the  following  values  for 
the  fibre  stresses  in  the  end  floor-beams: 

for  c  =  4.2"  /  =  3.3  X  4.2  X  1200  =  16,600; 

for  c  =  6.2"  /  =  3.3  X  6.2  X  1200  =  24,500. 

It  is  evident  from  this  that  if  all  of  the  assumptions  above  made  were 
realized,  these  bending  effects  on  the  floor-beams  would  be  very  serious. 
For  double-track  bridges  the  figured  fibre  stresses  will  be  even  higher 
than  for  single-track  bridges.  It  will  be  found,  however,  that  the  actual 
condition  in  a  well-designed  structure  is  much  better  than  has  been  above 
assiuned.     Through  and  deck  spans  will  be  considered  separately. 

In  a  through  span  the  bottom  flanges  of  the  stringers  will  be  in  ten- 
sion, and  vn\l  stretch  about  as  much  as  the  chords  themselves,  thus  re- 
ducing very  materially  the  bending  of  the  floor-beams.  The  top  flanges 
of  stringers  will  shorten,  and  tend  to  draw  away  at  each  floor-beam,  thus 
putting  tension  in  the  rivets  connecting  the  floor-beams  to  the  stringers, 
and  bending  the  connection  angles.  In  order  to  relieve  this  condition, 
the  legs  of  the  connecting  angles  which  rivet  to  the  floor-beam  web  should 
be  as  wide  as  practicable,  with  the  rivet  gauges  as  far  apart  as  possible, 
thus  making  the  connections  somewhat  flexible.  But  the  most  certain 
relief  is  obtained  by  the  provision  of  an  efficient  traction  frame  in  every 
panel,  as  is  required  by  the  specifications  of  Chapter  LXXVIII.  These 
frames  will  tend  to  compel  the  stringers  in  each  panel  to  move  length- 
wise wdth  the  chords,  thus  leaving  the  floor-beams  nearly  straight.  Addi- 
tional relief  can  be  secured  by  riveting  the  stringers  after  the  span  has 
been  swung,  as  the  bending  effect  from  the  dead-load  stretch  of  the  chords 
can  then  be  made  practically  zero. 

In  a  deck  span  the  stringers  should  be  made  about  one-sixteenth  C/iq) 
of  an  inch  shorter  for  each  ten  feet  of  length  than  the  clear  distance  between 
floor-beams  when  the  truss  is  on  camber  blocks,  and  they  should  be  riv- 
eted to  the  floor-beams  only  after  the  span  has  been  swung.  The  adop- 
tion of  wide-legged  connecting  angles  will  be  of  advantage,  as  they  can 
be  bent  out  against  the  floor-beam  webs  when  riveted,  and  will  then  spring 
back  when  the  chords  shorten.     The  thrust  frames,  which  are  always  to 
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be  provided  in  deck  as  well  as  in  through  spans,  will  then  have  the  same 
effect  as  in  the  case  of  a  through  bridge. 

For  long  spans  the  relief  given  by  the  methods  above  mentioned  is 
insufficient,  and  it  is  necessary  to  break  the  continuity  of  the  stringers. 
The  specifications  of  Chapter  LXXVIII  provide  that  in  spans  over  two 
hundred  (200)  feet  long  at  least  one  expansion  joint  is  to  be  used;  and 
that  in  no  span  is  there  to  be  a  length  of  continuously  riveted  stringers 
exceeding  two  hundred  (200)  feet. 

In  addition  to  the  bending  on  the  floor-beams,  the  deformations  of 
the  chords  produce  other  secondary  effects,  one  of  the  most  important 
of  which  is  that  on  the  laterals.  The  diagonals  of  the  system  along  the 
compression  chords  will  be  in  compression,  and  those  of  the  system  along 
the  tension  chords  will  be  in  tension.  These  induced  unit  stresses  in  the 
laterals  may  be  one-half  of  the  primary  stresses  in  the  chords,  or  even 
more.  This  indicates  the  need  for  ample  connections,  designed  to  develop 
the  strength  of  the  diagonals  rather  than  merely  to  meet  the  figured 
stresses.  It  also  shows  the  importance  of  making  the  lateral  system 
along  the  compression  chords  of  stiff  members,  as  angles  capable  of  sus- 
taining tension  only  would  become  slack,  unless  they  were  riveted  up  with 
the  bridge  loaded. 

Temperature  Stresses 

It  is  a  well-known  fact  that  practically  all  substances  expand  and 
contract  as  the  temperature  rises  and  falls.  It  is  evident,  therefore,  that 
all  structures  will  change  in  length  more  or  less  with  such  variations. 
Now  if  the  ends  of  a  span  be  restrained  in  any  way,  there  are  likely  to 
be  developed  temperature  stresses  of  more  or  less  importance;  but  if  the 
said  ends  are  free  to  move,  the  structure  will  be  nearly  free  from  any 
such  stresses.  Evidently,  therefore,  so  far  as  temperature  stresses  are 
concerned,  structures  should  be  designed  so  as  to  be  free  to  expand  or 
contract  in  any  direction. 

In  general,  it  is  possible  to  provide  for  this  movement.  Thus  spans 
resting  on  masonry  have  one  end  free  to  move  longitudinally,  unless,  per- 
chance, they  be  very  short  and  have  their  ends  rigidly  attached  thereto. 
Trestle  towers  with  feet  widely  spaced  and  having  horizontal  struts  near 
the  bottom,  when  properly  designed,  have  one  shoe  fixed,  one  free  to  move 
transversely,  one  free  to  move  longitudinally,  and  one  movable  horizon- 
tally in  any  direction. 

It  frequently  happens,  though,  that  the  provision  for  movement  is 
undesirable  for  some  reason  or  other.  In  many  cases  such  movement 
would  result  in  a  loss  of  rigidity,  and  occasionally  in  a  reduction  of  strength 
or  efficiency.  An  expansion  joint  in  a  floor  nearly  always  involves  a  poor 
strip  of  pavement  and  frequently  also  a  rough  spot  in  any  track  which 
the  structure  may  carry.     Furthermore,  expansion  joints  are  usually  ex- 
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jKnisivo.     For  all  those  reasons,  therefore,  it  is  of  the  utmost  importance 
tliat  no  unnecessary  j^rovision  for  expansion  be  made. 

WluTever  girders  or  trusses  of  any  ordinary  length  rest  directly  on 
masonry-,  it  will  be  impossible  to  omit  such  provision;  for,  if  this  were 
done,  the  change^  in  l(>ngth  of  tiie  parts  would  force  the  shoe  to  move 
and  either  bend  over  the  anchor  bolts  or  crack  the  masonry.  Wherever 
girders  or  trusses  are  carried  on  columns,  there  is  a  possibility  that  the 
flexibility  of  the  latter  will  permit  of  a  reduction  in  the  number  of  expan- 
sion points. 

The  standard  railway  trestle  consists  of  alternate  long  and  short  spans, 
the  latter  being  the  tower  spans.  There  is  usually  an  expansion  joint 
at  one  end  of  each  long  span.  In  this  type,  therefore,  there  are  practi- 
cally no  temperature  stresses.  Frequently,  however,  some  of  the  girders 
are  supported  on  solitary  bents.  As  the  columns  thereof  have  some  flex- 
ibility, it  may  be  permissible  to  dispense  with  some  of  the  expansion  joints. 

In  computing  temperature  stresses  in  such  members,  the  movement 
of  the  top  of  the  column  or  other  member  is  first  to  be  figured.  This  is 
given  by  the  formula, 

A  =  0.0000065Lr,  [Eq.  37] 

where  A  =  movement, 

L  =  distance  to  point  of  no  movement, 
T  —  temperature  change  in  degrees  Fahrenheit. 
If  L  be  taken  as  100  feet,  and  T  as  100  degrees  Fahr.,  A  becomes  about 
0.8  of  an  inch.       That  is,  the  movement  for  a  100-foot  length  and  100 
degrees  Fahr.  change  in  temperature  is  0.8  of  an  inch.     We  may,  there- 
fore, write, 

where  A  is  in  inches,  and  L  in  feet. 

For  steel  structures,  the  maximum  value  of  T  may  usually  be  taken 
as  75  degrees  either  way  from  the  normal.  In  some  localities  smaller 
figures  may  be  adopted,  45  degrees  being  sufficient  in  the  tropics.  For 
concrete  structures  a  variation  of  30  degrees  above  and  50  degrees  below 
the  normal  temperature  is  generally  considered  to  be  sufficient. 

Now  consider  that  a  column  of  length  /,  moment  of  inertia  /,  and 
half  width  c  has  its  top  deflected  by  an  amount  A,  thus  developing  a 
force  P  at  the  top,  and  certain  bending  stresses  in  the  column.  If  the 
column  be  free  at  one  end  and  fixed  at  the  other,  we  have  the  following 
well-known  equations: 

Q    JT'T    A  T>1Z 

[Eq.  39] 
[Eq.  40] 


^       3  EI  A        ,          PP 
^-       l^     "''^-    SET 

^^      SEcA        ^        fl^ 
and/-       ^,     'OvA-^^^; 

f- 

=  fibre  stress  at  fixed  end. 
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If  the  column  be  fixed  at  both  ends,  we  have 

^  12  EI  A  ,  PZ3  rx.        .    . 

p  =  ___,orA  =  ^-^,  [Eq.41] 

and/  =  ^,orA  =  i£;  [Eq.  42] 

where  /  =  fibre  stress  at  either  end. 

It  is  evident  that  the  length  of  structure  that  can  be  tied  together 
will  depend  upon  the  lengths  and  widths  of  the  columns,  and  upon  the 
fixity  of  the  ends  thereof.  The  columns  are  usually  fixed  at  both  ends, 
hinges  being  used  only  when  their  omission  would  cause  the  stresses  to 
run  unduly  high. 

Occasionally  transverse  bracing  cannot  be  carried  down  close  to  the 
ground  in  viaduct  bents.  In  this  case  the  bases  will  be  made  fixed  trans- 
versely, and  if  the  columns  are  far  apart,  the  bending  stresses  transversely 
due  to  temperature  variation  may  be  of  importance.  They  can  be  cal- 
culated by  the  formulse  given  above. 

In  hingeless  and  two-hinged  arches  the  temperature  stresses  are  al- 
ways of  considerable  importance;  and  if  the  rise  of  the  arch  is  small,  they 
may  be  very  high.  There  is  another  important  effect  thereof  upon  both 
arches  and  suspension  bridges,  viz.,  that  variations  of  temperature  cause 
such  a  span  to  deflect.  In  the  long-span  East  River  bridges  such  deflec- 
tions are  quite  large. 

There  is  still  another  effect,  especially  in  through  bridges,  viz.,  that 
the  sun  frequently  heats  the  top  chord  much  more  rapidly  than  the  bot- 
tom chord,  which  is  protected  by  the  floor.  This  effect  causes  an  upward 
deflection  for  a  simple  span,  and  a  downward  one  for  a  cantilever.  It  is 
of  importance  in  a  swing  bridge,  as  it  lowers  the  ends  of  the  span  when 
s^vinging,  thus  making  it  necessary  to  provide  greater  movement  in  the 
end-lifting  machinery. 

In  solid  concrete  structures  expansion  sets  up  compressive  stresses, 
which  are  of  no  importance.  Contraction,  however,  sets  up  tensile  stresses 
which  will  usually  crack  the  concrete  at  intervals.  To  prevent  this,  ex- 
pansion joints  should  be  introduced  not  more  than  fifty  (50)  feet  apart. 

The  temperature  effects  on  reinforced  concrete  are  peculiar,  on  ac- 
count of  its  composite  nature.  The  coefficients  of  expansion  for  concrete 
and  steel  are  about  equal,  being  0.0000065  for  steel  and  0.000006  for  con- 
crete. Hence,  if  any  reinforced  concrete  structure  be  free  to  expand  or 
contract,  no  stresses  of  any  importance  will  be  developed.  If  the  ends 
of  a  structure  are  restrained,  and  the  temperature  rises,  both  the  steel 
and  the  concrete  will  be  in  compression,  and  no  harm  will  result;  but 
when  a  fall  of  temperature  occurs,  both  the  steel  and  the  concrete  are 
in  tension,  which  for  a  fifty  (50)  degree  fall  will  far  exceed  the  tensile 
strength  of  the  simple  concrete.  The  primary  tendency  will  be  to  open 
up  a  few  large  cracks;    but  if  the  reinforcing  steel  is  strong  enough  to 
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on^ak  tlu^  concrete  at  any  section  before  the  elastic  limit  of  the  metal  is 
reached,  it  ^^^ll  cause  the  said  concrete  to  s(»parate  in  many  small  cracks 
rather  than  in  a  few  large  ones.  It  will  be  found  that  this  condition  will 
require  steel  amounting  in  sectional  area  to  more  than  one-half  of  one 
per  cent  of  that  of  the  concrete.  Where  steel  over  this  amount  is  used, 
which  is  generally  the  case,  there  is  no  danger  of  any  large  crack  occurring. 

Indeterminate  Stresses 

By  the  term  "indeterminate  stresses"  is  meant  those  stresses  the 
exact  analysis  of  which  is  impossible  by  the  principles  of  statics,  but 
which  require  for  their  solution  in  any  structure  the  consideration  of  the 
elastic  properties  of  the  materials  which  enter  into  its  construction.  The 
causes  of  indeterminate  stresses  may  be  divided  into  three  classes,  viz.: 

1.  Redundant  members. 

2.  Redundant  reactions. 

3.  Redundant  bending  strength. 

As  an  example  of  the  first  class,  there  may  be  cited  a  simply  supported, 
multiple  intersection  truss.  The  two-hinged  arch  may  be  taken  as  repre- 
sentative of  either  the  first  or  the  second  class.  Its  indeterminateness 
may  be  removed  by  the  omission  of  one  of  the  chord  members,  in  which 
case  it  becomes  a  three-hinged  arch,  or  by  the  assumption  that  the  abut- 
ments can  take  vertical  reactions  only,  in  which  case  it  becomes  a  simple 
truss.  A  continuous  girder  may  be  considered  to  fall  under  either  Class  2 
or  Class  3.  By  the  removal  of  all  but  two  reactions,  it  becomes  a  simple 
beam;  while  by  considering  its  bending  strength  at  certain  sections  to 
be  zero,  the  stresses  also  become  determinate. 

It  will  be  impossible  in  this  chapter  to  give  more  than  a  brief  discus- 
sion on  the  calculation  of  indeterminate  stresses  in  general.  For  a  clear 
treatment  of  nearly  all  cases  which  occur  in  ordinary  practice,  the  reader 
is  referred  to  "Modem  Framed  Structures,"  Parts  I  and  II;  while  in 
IMolitor's  "Kinetic  Theory  of  Engineering  Structures"  there  will  be  found 
a  very  comprehensive  treatment  of  all  phases  of  the  subject.  .  The  "sec- 
ondary stresses"  already  discussed  in  this  chapter  are,  of  course,  inde- 
terminate stresses. 

The  analysis  of  stresses  in  indeterminate  structures  differs  in  one  im- 
portant feature  from  that  in  structures  which  can  be  analyzed  by  the 
principles  of  statics.  In  the  latter  type,  the  stresses  from  any  given  loads 
depend  only  on  the  loads  and  the  outlines  of  the  structure;  while  in  the 
former  kind,  they  depend  also  upon  the  materials  and  the  cross-sections 
of  the  various  members.  The  analysis  of  indeterminate  structures  is, 
consequently,  indirect,  as  the  sizes  of  its  parts  or  the  unit  stresses  therein 
must  be  assumed  before  the  stresses  in  them  can  be  calculated.  It 
is,  therefore,  necessar}^  to  make  a  preliminary  design  by  an  approximate 
method,  and  then  figure  by  an  exact  method,  revising  the  prehminary 
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sections  as  required,  and  finally  rcfiguring  by  the  exact  method,  if  necessary. 
In  the  analysis  of  indeterminate  frameworks,  two  general  methods  are 
used. 

1.  The  removal  of  a  sufficient  number  of  members  or  reactions  to 

make  the  structure  determinate,  and  the  calculation  of  the 
effect  of  replacing  these  members  or  reactions. 

2.  The  principle  of  least  work. 

The  first  of  these  methods  is  the  one  generally  employed,  as  it  is  usually 
the  less  laborious.  Theoretically,  we  may  remove  any  members  or  reac- 
tions which  will  leave  the  structure  statically  determinate  and  stable;  but 
practical^  much  labor  may  be  saved  by  a  proper  choice  of  the  redundants 
to  be  removed.  In  general,  they  should  be  so  chosen  that  the  remaining 
members  will  form  a  simple  truss,  rather  than  such  a  structure  as  an 
arch;  and  it  will  usually  be  better  to  remove  a  redundant  reaction  rather 
than  a  redundant  member.  A  thorough  discussion  on  the  choice  of  re- 
dundant conditions  is  to  be  found  on  page  202  of  "Kinetic  Theory  of 
Engineering  Structures." 

After  the  choice  of  the  redundant  conditions  has  been  made,  the  solu- 
tion can  be  worked  out  along  the  lines  given  in  either  of  the  texts  above 
mentioned.  The  methods  shown  on  pages  148  and  149  of  *'  Modern  Framed 
Structures,"  Part  II,  are  very  valuable  labor  saving  devices,  and  should 
be  thoroughly  understood. 

The  principle  of  least  work  will  solve  such  problems  from  a  different 
view-point.  This  principle  states  that  when  any  indeterminate  structure 
is  loaded,  the  stresses  will  adjust  themselves  in  such  a  manner  that  the 
internal  work  of  deformation  of  the  structure  will  be  a  minimum;  from 
which  principle  it  follows  that  the  partial  derivative  of  the  internal  work 
with  reference  to  the  stress  in  any  redundant  member  is  zero.  While  the 
method  by  the  use  of  the  principle  of  least  work  is  not  general^  used  as 
much  as  the  one  given  first,  it  is  advisable  that  it  be  clearly  understood. 
It  is  treated  in  both  of  the  texts  before  quoted,  and  a  good  discussion 
is  also  to  be  found  in  Church's  "Mechanics  of  Internal  Work." 

In  the  analysis  of  structures  having  redundant  bending  strength  at 
various  sections,  four  methods  are  available: 

1.  The  differential  equation  of  the  elastic  line. 

2.  The  removal  of  a  sufficient  number  of  reactions  to  make  the 

structure  determinate,  and  the  calculation  of  the  effect  of 
replacing  these  reactions. 

3.  The  cutting  of  the  structure  at  various  points,  so  that  it  becomes 

determinate,  and  the  calculation  of  the  effect  of  again 
makmg  the  structure  continuous  at  the  points  where  it  has 
been  cut. 

4.  The  principle  of  least  work. 

The  first  of  the  above  methods  is  the  one  generally  applied  to  the  cal- 
culation of  stresses  in  continuous  beams.     The  computation  may  be  per- 
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formed  cither  by  the  double  integration  of  the  differential  equation,  or 
by  the  area-moment  method,  both  of  which  are  explained  in  Chapter  XII 
on  "Deflections."  The  Theorem  of  Three  Moments,  given  in  all  standard 
text  books,  is  derived  by  either  of  these  methods,  and  can  be  applied  to 
advantage  in  the  solution  of  many  problems.  Attention  might  be  called 
to  the  fact  that  if  the  moments  of  inertia  of  the  various  spans  are  unlike, 
the  Theorem  as  usually  stated  is  to  be  modified  by  replacing  each  I  in  the 

left-hand  member  of  the  equation  by  the  corresponding  y,  and  each  P  or  l^ 

I-        I^ 
in  the  right-hand  member  by  the  corresponding  —  or  — .     This  equation 

is  presented  in  a  very  general  form  in  an  article  by  J.  P.  J.  Williams, 
Esq.,  C.E.,  in  Vol.  LXXVI  of  the  Trans.  A.  S.  C.  E.,  entitled  "The  The- 
orem of  Three  Moments."  This  paper  and  the  accompanying  discussion 
by  Prof.  Milo  S.  Ketchum  are  valuable  not  only  for  the  form  of  the  Theo- 
rem of  Three  Moments  there  given,  but  also  on  account  of  the  treat- 
ment of  the  subject  of  continuous  beams  in  general.  An  equation 
which  has  a  wider  application  than  the  Theorem  of  Three  Moments,  and 
which  may  be  called  the  Theorem  of  Four  Moments,  is  derived  in  a  paper 
by  E.  F.  Jolmson,  Esq.,  C.E.,  in  Vol.  LV  of  the  Trans.  A.  S.  C.  E.,  en- 
titled "The  Theory  of  Frameworks  with  Rectangular  Panels,  and  Its 
Application  to  Buildings  Which  Have  to  Resist  Wind."  It  differs  from 
the  Theorem  of  Three  Moments  in  that  it  provides  for  an  external  mo- 
ment at  any  support,  and  can,  therefore,  be  applied  to  the  analysis  of 
bents  two  or  more  stories  in  height  which  have  no  diagonals  to  take  care 
of  transverse  loads,  but  which  must  depend  on  the  stiffness  of  the  columns 
and  cross-girders  or  cross-struts.  The  Theorem  of  Three  Moments  will 
not  apply  in  this  case,  as  there  are  three  or  more  stiff  members  meeting 
at  a  point.  Another  convenient  type  of  equation  for  such  cases  is  one 
which  expresses  the  moments  at  the  ends  of  any  one  span  of  a  continuous 
beam  in  terms  of  the  loads,  dimensions,  and  distortions  of  that  span  only. 
The  fundamental  equation  for  the  solution  of  secondary  stresses.  Equa- 
tion 1  of  this  chapter,  is  of  this  type,  as  are  also  the  equations  used  herein 
for  the  calculation  of  stresses  due  to  eccentricity  and  to  transverse  loads 
on  a  member.  In  these  equations,  the  end  moments  are  expressed  in 
terms  of  the  angles  made  by  the  end  tangents  of  the  beam  with  the  straight 
line  joining  the  ends  thereof.  These  various  equations  can  frequently 
be  used  to  advantage  in  the  analysis  of  stresses  in  continuous  beams  in 
general.  In  many  cases,  it  will  be  more  convenient  to  employ  instead 
the  angles  between  the  end  tangents  and  the  original  direction  of  the 
beam,  taking  into  account  also  the  movements  of  the  two  ends  of  the 
beam  from  their  original  position.  This  form  of  equation  was  proposed 
many  years  ago  by  Prof.  Mohr,  and  was  applied  by  him  to  the  calculation 
of  the  secondary  stresses  in  trusses.     Prof.  Mohr's  equation  is  given  in 
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the  before-mentioned  article  by  Kunz  in  Engineering  News  of  October 
5,  1911,  entitled  "Secondary  Stresses,"  and  also  in  Grimm's  book,  "Sec- 
ondary Stresses  in  Bridge  Trusses."  In  a  Bulletin  of  the  University  of 
Minnesota,  issued  in  March,  1915,  this  same  equation  is  developed  by 
G.  A.  Maney,  Esq.,  C.E.,  in  the  form  in  which  it  can  be  most  conveniently 
applied  to  continuous  beams;  and  its  application  to  the  design  of  frame- 
works and  to  the  calculation  of  secondary  stresses  is  also  shown.  The 
formulae  for  the  end  moment  may  be  stated  thus  for  any  beam  1-2  of 
length  I  and  moment  of  inertia  I,  carrying  a  uniform  load  of  p  per  lineal 
unit,  and  a  concentrated  load  P  distant  kl  from  the  left  end  1 : 

in  which   5i  =  deflection  perpendicular  to  line  1-2  at  Point  1, 
52  =  deflection  perpendicular  to  line  1-2  at  Point  2, 

—  =  angle  between  hne  1-2  and  end  tangent  at  Point  1, 


Ml 

= 

2C 

2  —  Ci 
8 

+ 

M2 

_ 

C2- 

-2Ci 
0 

+ 

dm 

dX2 


=  angle  between  line  1-2  and  end  tangent  at  Point  2, 


Ci  =  P{k-k')l  +  ^, 

C2  =  P  (2k  -  dk^  +  k^)l-^  ~^, 

Ml  =  moment  in  beam  at  left  end  1, 
M2  =  moment  in  beam  at  right  end  2. 

In  the  above  expressions.  Mi  and  ilf2  are  to  be  considered  as  positive 
when  tending  to  rotate  the  supports  or  the  adjacent  beams  in  a  clockwise 

direction,  81  and  82  as  positive  when  measured  downward,  and  3—  and 

axi 

—  as  positive  when  the  end  tangents  have  rotated  in  a  counter-clock- 
dX2 

wise  direction.  (If  the  beam  should  be  vertical,  it  is  necessary  to  assume 
arbitrarily  some  direction  as  upward — say  the  left  side.) 

This  formula  can  be  applied  very  easily  to  continuous  beams  and 
frameworks  of  all  kinds,  being  more  general  than  either  the  Theorem  of 
Three  Moments  or  the  Theorem  of  Four  Moments.  It  is  especially  valuable 
for  structures  in  which  there  are  three  or  more  stiff  members  meeting  at 
a  point. 

Fig.  37w  gives  values  of  k  —  k^  and  2  k  —  3  k'^  -}-  k^. 

In  Bulletin  No.  80  of  the  Engineering  Experiment  Station  of  the  Uni- 
versity of  Illinois  there  appeared  an  article  entitled  "Wind  Stresses  in 
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Steel  Frames  of  Office  Buildings,"  by  W.  M.  Wilson,  Esq.,  and  G.  A. 
Maney,  Esq.  It  discusses  some  approximate  and  exact  methods  proposed 
by  various  writers,  and  gives  exact  methods  based  on  equations  practi- 
cally identical  with  Equations  43  and  44.  It  also  contains  diagrams  which 
can  be  utilized  for  the  purpose  of  making  approximate  computations. 

The  two-hinged  arch  rib  is  frequently  analyzed  by  the  second  method,  the 
horizontal  reactions  being  first  assumed  to  be  removed  and  then  the  effect  of 
replacing  them  being  figured.  The  third  method  is  usually  adopted  for 
the  analysis  of  the  hingeless  arch  rib,  the  structure  being  considered  as 
cut  at  the  crown,  and  then  the  effect  of  again  making  the  rib  continuous 
being  computed.  The  fourth  method  is  not  often  employed,  on  account 
of  the  amount  of  work  involved.  For  examples  of  the  application  of 
Methods  2  and  3  the  readei  is  referred  to  Part  II  of  "Modern  Framed 
Structures." 

The  use  of  statically  indeterminate  simple  trusses  is  no  longer  coun- 
tenanced in  the  best  American  practice.     Their  employment  involves  a 
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Fig.  Wg.     Truss  Diagram  of  a  296-foot,  Single-track-railway,  Riveted,  Parker- 
truss  Span. 


certain  amount  of  ambiguity  of  stresses,  and  the  labor  they  involve  in 
preparing  a  correct  design  is  very  great.  It  will  further  be  found  almost 
impossible  to  make  all  of  the  members  work  at  economical  unit  stresses. 
Where  the  rigidity  of  the  various  systems  by  which  loads  can  travel  is 
about  the  same,  this  effect  is  slight;  but  where  one  path  is  considerably 
less  rigid  than  another,  the  unit  stresses  in  its  members  will  necessarily 
be  low.  If,  therefore,  the  adoption  of  an  indeterminate  structure  be  con- 
sidered advisable  for  any  reason,  every  effort  should  be  made  to  ensure 
tiiat  the  various  paths  which  the  stresses  take  are,  at  least  approximately, 
of  equal  rigidity.  It  should  be  further  noted  that  where  this  equality 
of  rigidities  is  secured,  the  loads  can  generally  be  assumed  to  be  divided 
equally  between  the  various  systems,  and  approximate  calculations  can 
be  made  which  will  be  sufficiently  accurate  for  designing  purposes.  For 
instance,  the  Whipple  truss  can  be  analyzed  with  very  Uttle  error  by 
assuming  each  system  to  carry  only  the  loads  which  come  at  the  panel 
points  of  that  system.  It  should  also  be  pointed  out  that  in  structures 
of  this  nature  the  number  of  panels  should  be  a  multiple  of  four,  each  of 
the  systems  being  symmetrical  about  the  centre  of  the  span;    otherwise 
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TABLE  lid — Constants,  Primary  Stresses  and  Elongations  for  a  296- 


Member 


1-  3 

3-  5 

5-  7 

7-  9 

9-11 
11-13 

1-  2 

2-  4 

4-  6 

6-  8 
8-10 

10-12 

3-  4 

5-  6 

7-  8 

9-10 

11-14 
10-14 

2-  3 

4-  5 

6-  7 

8-  9 
10-11 


Section 


iCov.  PI.  28"  X^" 
2  Z^  4"X4"XJ^" 
2Z^6"X6"X%" 
2  Web  Pis.  26"  X^" 
2  Web  Pis.  26"  XH" 
Cov.  PL  and  Z^  as  for  1-3 
2  Web  Pis.  26"  XK" 
Cov.  PI.  and  Z^  as  for  1-3 
2  Web  Pis.  26"  XU" 
2  Web  Pis.  26"  X  3^" 
Cov.  Pi.  and  I'  as  for  1-3 
4  Web  Pis.  26"  XU" 
Same  as  for  1-3 
Same  as  for  1-3 

4Z^4"X4"XH" 

2  Pis.  28"  XM" 

Same  as  for  1-2 

As  for  1-2 

2  Pis.  28"  Xi^" 

As  for  4-6 

2  Pis.  193^"  Xi^" 

As  for  1-2 

2  Pis.  28"  XH" 

2  Pis.  19^" Xj^" 

As  for  1-2 

2  Pis.  28"Xii" 

2  Pis.  19M"X^" 

4Z^4"X4"X^" 
2  Pis.  24'^  XM" 
4  Z^4"X4"XM" 
2  Pis.  20"Xtk" 
4Z^4"X4"XH" 
2  Pis.  20"  X  H" 
■4Z^  4"X4"XH" 

2  Pis.  18"  x:^" 

4Z^6"X4"X3^" 
4Z^  6"X4"x:^" 

4Z^6"X4"Xi^" 
4Z^  4"X4"XH" 
2  Pis.  20"  X  A" 
4Z^4"X4"Xi^" 
2  Pis.  20"  X  3^" 
Same  as  for  6-7 
•4Z^3>^"X33^"X»8" 
2  Pis.  18"  Xi^" 


521"  116.63 


330" 
327" 

324" 

323" 
323" 

323" 
323" 
323" 

323 
323" 

323' 

521" 
575" 
617" 

646" 

330 
330" 

408" 

475" 

526" 
559" 
576" 


87.38 
103.63 

113.38 

116.63 
116.63 

57.00 
57.00 
88.50 

105.56 
115.00 

119.88 

57.76 
44.26 
35.00 

33.00 

19.00 
19.00 

21.24 

37.50 

33.24 
33.24 
25.67 


10,530 

8,830 
9,790 

10,340 

10,530 
10,530 

5,280 
5,280 
7,340 

7,880 
8,420 


20.2 

26.7 
29.9 

31.9 

32.6 
32.6 

16.3 
16.3 

22.7 

24.4 
26.1 


8,580 

26.5 

4,320 

8.3 

2,490 

4.33 

1,890 

3.06 

1,460 

2.26 

ISO 
180 

0.55 
0.55 

200 

0.49 

1,970 

4.14 

1,760 

3.35 

1,760 

3.15 

1,090 

1.89 

there  will  be  a  considerable  ambiguity  of  stress  distribution,  and,  conse- 
quently, also  an  uneconomical  use  of  metal  in  certain  members. 

An  ordinary  swing  bridge  is  statically  indeterminate  when  closed.  This 
is  unavoidable.  The  approximate  methods  of  reaction  computation  which 
are  generally  in  use  for  such  structures  give  results  that  are  perfectly  safe 
in  every  way  and  not  unduly  wasteful  of  metal.     The  exact  stresses  can 
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'       12.000  4- 

Primary  Stresses 

1                               1 

M 

Top 

Bottom 

Dead 

Live 

Impact 

Total 

288 

330 

395,000C 

606,000C 

224,000C 

1,225,000C 

-0.182" 

454 

522 

392,000C 

593,000C 

220,000C 

1,205,000C 

-0.152" 

458 

527 

461,000C 

707,0O0C 

262,000C 

1,430,000C 

-0.150" 

463 

532 

502,OOOC 

771,000C 

286,000C 

1,559,000C 

-0.148" 

464 
464 

534 
534 

519,000(7 
519,000C 

245,000r 

798,000C 
798,000C 

375,000T 

295,000C 
295,000C 

139,000r 

1  612,000C 
1,612,000C 

759,000r 

-0.149" 
-0.149" 

524 

+0.143" 

524 

245,000T 

375,ooor  139,000r 

759,000  r 

+0.143" 

524 

384,000r 

580,000r'2i5,000r 

1,1 79,000  T 

+0.143" 

524 

456,000T 

699,000r 

259,000r 

l,414,000r 

+0.144" 

524 

5oo,ooor 

768,000r 

284,000T 

l,552,000r 

+0.145" 

524 

5i9,ooor 

798,000r 

295,000T 

l,612,000r 

+0.145" 

280 

213,000T 

326,000r 

i2i,ooor 

660,000T 

+0.198" 

210 

138,000T 

212,000r 

79,ooor 

429,000T 

+0.186" 

196 

84,ooor 

129,000r 

4S,000T 

261,000T 

+0.153" 

170 

4o,ooor  6i,ooor 

23,ooor 

124,000r 

+0.081" 

222 

222 

0 
0 

0 
0 

0 

0 
0 

0 
0 

188 

39,ooor 

95,ooor 

35,ooor 

169,000T 

+0.108" 

255 

129,000C 

i61,000C 

60,000(7 

350,000C 

-0.148" 

230 

76,000C 

81,000C 

30,000C 

1S7,000C 

-0.098" 

217 

33,000C    14,000C 

5,000C 

52,000(7 

1  -0.029" 

190 

4,ooor  4i,ooor'  i5,ooor 

60,0007^    +0.045" 

be  calculated  by  the  methods  previously  described  herein  for  the  com- 
putation of  stresses  in  indeterminate  frameworks,  if  desired;  but  ordi- 
narily this  is  not  worth  while. 

The  hingeless  type  of  rib  is  occasionally  adopted  for  steel  arch  bridges, 
and  the  two-hinged  type  very  frequently.  They  are  preferred  by  some 
engineers  to  the  statically  determinate  three-hinged  arch  on  account  of 
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their  superior  rigidity.     For  a  full  comparison  of  the  relative  advantages 
and  disadvantages  of  the  various  types  of  arches,  see  Chapter  XXVI. 

Continuous  trusses  and  girders,  other  than  those  for  swing  spans,  are 
rarely  used  in  American  practice,  on  account,  very  largely,  of  the  effect 
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Fig.  \\h.     Williott  Diagram  for  a  296-foot,  Single-track-railway,  Riveted,  Parker- 
truss  Span. 

of  a  possible  yielding  of  the  supports.  Their  economy  is  either  small  or 
nil  when  due  provision  is  made  for  uncertainties;  and  the  labor  required 
for  their  design  is  very  great. 

The   stiffening  trusses   of  suspension  bridges  involve  indeterminate 


TABLE  lie 

Valu-es  of  Bl,  e,  0,  AND  <l>  FOR  A  296-FooT,  Single-Track-Railway,  Riveted,  Parker- 
Truss  Span 


91 

e 

8 

<t>  =  0-9 

Member 

Point 

Value 

Points 
1,  4,  8, 12 

Points 
2,  6,  10 

Points 
3,  7,  11 

Points 
5,9,13.14 

1-3    

1.51 
1.01 
0.79 
0.52 
0.21 
0.00 
0.00 
1.19 
0.77 
0.85 
0.60 
0.29 
0.00 
0.00 
1.16 
0.98 
0.72 
0..38 
0.10 
0.08 
0.92 
0.84 
0.67 
0.43 
0.15 

-29.0 
-30.6 
-24.2 
-16.1 

-  6.5 
0.0 
0.0 

-36.9 
-23.8 
-26.3 
-18.6 

-  9.0 
0.0 
0.0 

-22.3 
-17.0 
-11.7 

-  5.9 

-  3.0 

-  2.4 
-22.5 
-17.7 
-12.7 

-  7.7 

-  2.6 

1 

3 
5 
7 
9 
11 
13 

2 
4 
6 
8 
10 
12 

14 

-33.0 
-29.8 
-27.4 
-20.1 
-11.3 

-  3.2 
+  3.2 

-30^4 
-25.0 
-22.4 
-13.8 

-  4.5 
+  4.5 

'""o!o 

-4.0 

+3^9 
-1.2 
+  1.3 

+4.8 
-4.8 

+4^5 

-2.7 

-2^1 

-7:3 
-6J 

+6^5 

-6.6 
+3.9 

-3.8 
+4.5 
-4.5 

-5'4 
+  1^4 

-2'i 

-7.9 

-9:7 
-1.9 

-0.8 
+0.8 
+4.1 
-4.0 
+3.3 
-3.2 

-7^5 
-8^4 
'-0'2 
-7^3 
-7!  4 
-O.Q 

3-5    

+    3.2 

5-7 

7-  9 

-  3.2 

+  4.8 

9-11 

-  4.8 

11-13 

13-11    

+  3.2 

1-2      

2-  4 

4-6 

6-8 

8-10 

10-12 

12-10    

3-4      

5-6        

-10  4 

7-  8 

9-10 

-  5.4 

11-14 

+  3.0 

10-14 

+  24 

2-  3 

4-  5 

—  9  7 

6-7 

8-9    

-  3  6 

10-11    

N 


i^iO'^ 

^"^^ 

tv    -v   -v 

'^^vf) 

i 

^'^^ 

g 

3 

■^        "o 

^ 

kf^  lO^^ 

4< 

■w  -k  -i. 

1 

(2 

'O 

QO  ->.  >^ 

^ 

^^^ 

a; 
> 

'•'<<) 

s 

00       ^ 

b 

c3 
c3 

(H 

M 

o 

Oj 

iH 

<<><:>  <b 

-4-^ 

i 

Ti^^ 

"bil 

«0 

.a 

m 

-(j" 

^^^ 

1 

d 

c3 

tTi  r»^  hfi 

«H 

^^•^ 

c2 

C 

o 

>•  ^"^ 

'      H.  -K 

§ 

3 

i"-l 

cj 

> 

*C)  ^^^r> 

"^ 

^  Krs; 

<    1     1 

g 

, 

I— 1 

^if^i^ 

1*  "w  %: 

C5 

£! 

ov«o<:i 

'*j^'*i. 

■K  -w  -^(^ 

^       it) 

f^ 

222 


BRIDGE    ENGINEERING 


Chapter  XI 


TABLE  11/ 

Summations  of  Moments  and  Trial  Values  of  7"s  for  a  296-Foot,  Single-Track- 
Railway,  Riveted,  Parker-Truss  Span 


First  Trial  Values 

Second  Trlal  Values 

Third  Trl^l  Val. 

Point 

Tnm  + 
ViTmn 

ViTmn) 

Correc- 
tion 

Tnm   + 
M  Tmn 

-j-^Tnm  + 
V2Tmn) 

Correc- 
tion 

Tnm  + 
ViTmn 

-j{Tnm-\- 
Vi  Tmn) 

1 

+  7.2 
-  4.4 

S 

+  117 

-  89 

+i2 

-f40 

+    5.7 

-  4.9 


+    93 

-  99 

+    5.9 
-    4.7 

+  96 
-  95 

+  28 

-     6 

+     1 

2 

-1-  8.5 
-  7.2 
-11.6 

S 

-1-138 
-117 
-     6 

-  9 

+  16 

0 

+22 

+  7.2 
-  6.9 
-11.6 

+  118 
-113 
-     6 

+  1 

0 

+  7.3 
-  6.9 
-11.6 

+  119 
-113 
-     6 

+  15 

-     1 

0 

3 

-  2.8 
+  2.4 

-  8.9 
-11.3 

S 

-  57 
-h  64 

-  74 

-  6 

+  '8 
-65 

-  2.1 
+  3.8 

-  6.6 
-10.4 

-  42 
+  102 

-  55 

-  5 

+2 

+2 

-  2.1 
+  3.8 

-  6.6 
-10.4 

-  42 
+  102 

-  55 

-  5 

-  73 

0 

0 

4 

-  4.5 
+  3.3 

-  6.5 
-12.1 

S 

-  73 
+  75 

-  54 

-  50 

-  2.9 
+  5.2 

-  3.8 
-10.0 

-  47 
+  118 

-  32 

-  41 

-  2.9 
+  5.2 

-  3.8 
-10.0 

-  47 
+  118 

-  32 

-  41 

-102 

-     2 

-     2 

5 

+  3.6 
-   1.2 
-13.1 
-13.4 

S 

+  96 

-  36 

-  56 

-  55 

+  16 
+  11 

+  '4 

-20 

+  4.5 
-  0.5 
-12.9 
-12.0 

+  120 

-  15 

-  55 

-  49 

+     1 

-3 

-2 

+  4.5 
-  0.6 
-12.9 
-12.0 

+  120 

-  18 

-  55 

-  49 

-  51 

-     2 

6 

+  4.6 
-   1.4 
-10.6 
-13.4 

S 

-M05 

-  34 

-  46 

-  45 

+23 
+  8 
+  1 
+  1 

+  13 

+  5.4 
-   1.3 
-10.6 
-13.3 

+  122 

-  32 

-  45 

-  45 

+  5.4 
-   1.3 
-10.6 
-13.4 

+  122 

-  32 

-  45 

-  46 

-  20 

0 

-     1 

7 

-1-  2.5 

-  1.6 

-  9.5 
-12.2 

S 

+  75 

-  51 

-  29 

-  42 

+  'l 
-46 

+  3.4 

-  0.7 

-  8.4 
-11.7 

+  102 

-  22 

-  26 

-  40 

... 

■  ■  ■ 

+  3.2 

-  0.9 

-  8.6 
-11.8 

+  96 

-  29 

-  27 

-  40 

-  47 

+  14 

0 

8 

+  2.9 

-  2.6 

-  6.3 

-  7.9 

S 

+  71 

-  68 

-  20 

-  25 

+  3.5 

-  1.8 

-  5.2 

-  7.0 

+  86 

-  48 

-  16 

-  22 

+  3.5 

-  1.8 

-  5.2 

-  7.0 

+  86 

-  48 

-  16 

-  22 

-  42 

0 

0 
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TABLE   Uf—CotUinued 


First  Trial  Values 

Second  Trial  Values 

Third  Trial  Val. 

Point 

Tnm    + 
}4   Tmn 

7-{T»m  + 
K  Tmri) 

Correc- 
tion 

Tnm    + 
Vi.  Tmn 

-j-(Tnm-\- 
H  Tmn) 

Correc- 
tion 

Tnm  + 
'A  Tmn 

-J  (.Tnm  + 
}4  Tmn) 

9 

+  2.8 

-  3.2 

-  4.7 

-  6.7 

4mi 

+  89 
-104 

-  11 

-  21 

+  11 

+  'i 

-35 

+  3.6 

-  2.5 

-  4.2 

-  5.8 

+  115 

-  82 

-  10 

-  19 

-3 

+  1 

+  3.5 

-  2.5 

-  4.2 

-  5.8 



+  112 

-  82 

-  10 

-  19 

-  47 

+     4 

+     1 

10 

+  2.1 

-  2.3 

-  1.3 

-  0.9 

-  2.2 

S 

+  55 

-  61 

-  3 

-  0 

-  4 

+  9 
+  1 

-  3 

+  2.5 

-  2.3 

-  1.0 

-  0.9 

-  2.0 

+  65 

-  61 

-  2 
0 

-  4 

+  2.5 

-  2.3 

-  1.0 

-  0.9 

-  2.0 

+  65 

-  61 

-  2 
0 

-  4 

-   13 

_     2 

_     2 

11 

+  0.9 

-  1.6 
+  1.3 

-  1.5 

2 

+  29 

-  52 
+     1 

-  3 

+  8 
-17 

+  1.5 

-  1.5 
+  1.6 

-  1.2 

+  49 
-  49 
+     1 
_     2 

+  1.5 

-  1.5 
+  1.6 

-  1.2 

+  49 

-  49 

+     1 

-  2 

-  25 

-     1 

-     1 

14 

+  2.9 
+  1.4 

-  2.9 

-  1.4 

2 

+     1 

-  1 

-  1 
+     1 

+  3.0 
+  1.4 

-  3.0 

-  1.4 

+     1 
+     1 

-  1 

-  1 

+  3.0 
+  1.4 

-  3.0 

-  1.4 

+     1 
+     1 

-  1 

-  1 

0 

0 

0 

stresses;  and  this  is  absolutely  unavoidable,  as  is  explained  at  length 
in  Chapter  XXVII. 

The  use  of  hingeless  arches,  continuous  girders,  and  other  indetermi- 
nate types  of  structures  is  very  common  in  reinforced-concrete  bridgework. 
Since  this  class  of  construction,  generally  speaking,  is  best  built  mono- 
lithic, such  continuity  is  necessary.  Methods  of  designing  for  various 
indeterminate  forms  wall  be  found  in  Chapter  XXXVII. 

There  are  a  great  many  tj^jes  of  steel  construction  in  which  the  stresses 
are  strictly  indeterminate,  although  they  are  never  considered  to  be  so. 
For  instance,  every  plate  girder  with  riveted  end  connections  is  more  or 
less  fixed  at  the  ends,  but  this  continuity  is  generally  disregarded.  The 
figured  sections  for  the  girder  itself  are,  consequently,  on  the  safe  side; 
and  as  for  most  types  of  structures  experience  has  shown  that  the  end 
moments  do  no  harm,  there  is  no  reason  for  making  any  extended  analysis 
of  their  effects.  Lateral  systems  are  generally  made  of  double  intersec- 
tion, and  when  stiff  members  are  employed  throughout,  the  stresses  in 
the  two  systems  are  usually  assumed  to  be  the  same;  and  as  their  rigid- 
ities are  equal,  the  results  are  very  nearly  correct.     When  the  diagonals 
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TABLE 
Secondary  Stresses  in  the  Members  of  a  296-Foot, 


Point 

Tnm  +  l^Tmn 

Member 

1st  Trial 

2nd  Trial 

3rd  Trial 

First  Trial 

Top 

Bottom 

1-3/ 

1 

-    4.4 

-    4.9 

-    4.7 

1,270C 

3 

-  2.8 

-    2.1 

-    2.1 

920C 

3-  5| 

3 

+  2.4 

+  3.8 

+  3.8 

1,250C 

5 

+  3.6 

+  4.5 

+  4.5 

1,640C 

&-  TJ 

5 

-   1.2 

-  0.5 

-  0.6 

550C 

7 

+  2.5 

+  3.4 

+  3.2 

1,150C 

7-  gj 

7 
9 

-   1.6 

+  2.8 

-  0.7 
+  3.6 

-  0.9 
+  3.5 

740C 
1,300C 

S-ll  1 

9 

-  3.2 

-  2.5 

-  2.5 

1,490C 

11 

+  0.9 

+  1.5 

+  1.5 

420C 

11-13  1 

11 
13 

-   1.6 

+  1.6 

-   1.5 
+   1.5 

-   1.5 
+  1.5 

750C 
750C 

1-2/ 

1 

+  7.2 

+  5.7 

+  5.9 

3,780r 

2 

+  8.5 

+  7.2 

+  7.3 

4,460r 

9-  4.  / 

2 

-  7.2 

-  6.9 

-  6.9 

3,780r 

^          ^1 

4 

-  4.5 

-  2.9 

-  2.9 

2,360r 

4-  ej 

4 

+  3.3 

+  5.2 

+  5.2 

l,730r 

6 

+  4.6 

+  5.4 

+  5.4 

2,420r 

6-  si 

6 

-   1.4 

-   1.3 

-  1.3 

740T 

8 

+  2.9 

+  3.5 

+  3.5 

i,52or 

8-10  1 

8 

-  2.6 

-   1.8 

-   1.8 

1,3607 

10 

+  2.1 

+  2.5 

+  2.5 

1,100T 

10-12  1 

10 

-  2.3 

-  2.3 

-  2.3 

i,2ior 

12 

+  2.3 

+  2.3 

+  2.3 

1,2107 

1-    A  J 

3 

-  8.9 

-  6.6 

-  6.6 

2,4907 

1 

4 

-  6.5 

-  3.8 

-  3.8 

i,82or 

5-6/ 

5 

-13.1 

-12.9 

-12.9 

2,7507 

6 

-10.6 

-10.6 

-10.6 

2,230r 

7-  S  / 

7 

-  9.5 

-  8.4 

-  8.6 

1,8607 

1 

8 

-  6.3 

-  5.2 

-  5.2 

l,240r 

9-10  1 

9 

-  4.7 

-  4.2 

-  4.2 

8007 

10 

-   1.3 

-   1.0 

-   1.0 

220T 

11-14  / 

11 

+  1.3 

+  1.6 

+  1.6 

290T 

J.X      J.*X   \ 

14 

+  2.9 

+  3.0 

+  3.0 

6507 

10-14  1 

10 

-  0.9 

-  0.9 

-  0.9 

2007 

14 

+   1.4 

+  1.4 

+  1.4 

3107 

2-  3/ 

2 

-11.6 

-11.6 

-11.6 

2,1807 

3 

-11.3 

-10.4 

-10.4 

2,1S0T 

4-  5{ 

4 

-12.1 

-10.0 

-10.0 

3,090C 

5 

-13.4 

-12.0 

-12.0 

3,420C 

fi-  7  / 

6 

-13.4 

-13.3 

-13.4 

3,090C 

vf       f   ^ 

7 

-12.2 

-11.7 

-11.8 

2,8  IOC' 

8-  9  ( 

8 

-  7.9 

-  7.0 

-  7.0 

1,710C 

9 

-  6.7 

-  5.8 

-  5.8 

1,460C 

10-11  1 

10 

-  2.2 

-  2.0 

-  2.0 

420C 

11 

-   1.5 

-   1.2 

-   1.2 

290C 
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Sex:ondary  Unit  3tress 

Maximum 
Primary  Stress 

Second'y 

Stress 

Second  Trial 

Third  Trial 

in  per 

Cent  of 

Top 

Bottom 

Top 

Bottom 

Total 

Unit 

Primary 

1,410C 

690C 

1,350C 

690C 

1  1,225,000C 

10,500C 

/12.9 

1   6.6 

2,050C 

1,990C 

2,050r 

1,990C 

1  1,205,000C 

13,790C 

/  14.4 
\14.9 

270C 
1,560C 

270C 
1,470C 

1  1,430,000C 

13,800C 

/  2.0 
\10.7 

330C 
1,670C 

420C 
1,620C 

1 1,559,000C 

13,730C 

/  3.1 
\11.8 

1,160C 
700C 

1,160C 
700C 

1 1,612,000C 

13,830C 

/  8.4 
\    5.1 

700C 
700C 

700C 
700C 

1 1,612,000C 

13,830C 

/  5.1 
1    5.1 

3,000T 

3,780T 

3,1007 

3,8307 

1     759,0007 

13,3307 

/23.3 

\28.7 

l,520r 

3,620r 

1,5207 

3,6207 

1     759,0007 

13,3307 

/27.2 
\11.4 

2,7307' 

2,830r 

2,7307 

2,8307 

1 1,179,0007 

13,3207 

/20.5 
\21.3 

680r 
1,8407 

6807 
1,8407 

1  1,414,0007 

13,4007 

/  5.1 
\13.7 

9507 
1,3107 

9507 
1,3107 

1 1,552,0007 

13,4907 

/  7.0 
1    9.7 

1,2107 
1,2107 

1,2107 
1,2107 

}  1,612,0007 

13,4407 

/  9.0 
1    9.0 

l,070r 

1,8507 

1,0707 

1,8507 

}     709,0007 

12,2707 

/15.1 

1    8.7 

2,230r 

2,7107 

2,2307 

2,7107 

1     519,0007 

11,7407 

/23.1 
\19.0 

l,020r 

1,6507 

1,0207 

1,6907 

1    395,0007 

11,2807 

f  15.0 
1    9.0 

170T 

7207 

1707 

7207 

1     305,0007 

9,2407 

/  7.8 
\    1.8 

360r 

6707 

3607 

6707 

1     225,0007 

11,8407 

/  1-7 
\    2.6 

2007 
3107 

2007 
3107 

1    225,0007 

11,8407 

/  3.0 
1    5.7 

1,9607 

2,1807 

1,9607 

2,1807 

}     256,0007 

12,0407 

/18.1 
\16.3 

2,550C 

3,060C 

2,550C' 

3,060C 

1     445,0006' 

11,860C 

/21.5 
\25.8 

3,060C 

2,690C 

3,090C 

2,720C 

1     326,000C 

9,800C 

/31.4 

\27.8 

1,520C 

1,260C 

1,620C 

1,260C 

1     239,0O0C 

7,190C 

/21.3 
\17.6 

380C 

230C 

380C 

230C 

1     165,000C 

6,430C 

/  5.9 
I   3.6 
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are  tension  members  only,  all  of  the  stress  is  assumed  to  be  carried  by 
the  system  the  diagonals  of  which  are  in  tension.  This  assumption  is,  ol 
course,  on  the  safe  side.  Again,  in  many  cases  transverse  loads  can  travel 
to  the  ends  by  two  different  routes.  For  instance,  a  transverse  load  on 
the  top  chord  of  a  through  span  may  pass  to  the  end  of  the  chord  through 
the  top  laterals,  and  then  down  the  end  posts;  or  it  may  go  through  the 
transverse  bracing  down  to  the  bottom  chords,  and  thence  through  the 


3 


5 
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liy.     Secondary-stress  Diagram  of  a  296-foot,  Single-track-railway,  Riveted, 
Parker-truss  Span. 


lower  lateral  system  to  the  ends  of  the  span.  In  such  cases  a  rough  es- 
timate of  the  relative  rigidities  of  the  different  systems  must  be  made 
to  serve  as  a  guide  to  one's  judgment  in  deciding  upon  the  division  of 
loading  to  be  assumed  for  the  design  of  the  various  parts. 

In  conclusion  it  might  be  stated  that  the  best  way  to  take  care  of 
indeterminate  stresses  is  to  avoid  them  entirely  by  so  designing  one's 
structures  as  to  cut  out  redundant  members  and  by  ever  bearing  in  mind 
the  fundamental  principle  that  "  Simplicity  is  one  of  the  highest  attributes 
of  good  designing." 


CHAPTER  XII 


DEFLECTIONS 


It  is  very  important  that  the  bridge  engineer  have  a  clear  understand- 
ing in  regard  to  the  fundamentals  of  the  theory  of  the  deformations  in 
structures,  not  merely  in  order  to  be  able  to  compute  deflections,  but  also 
because  the  general  principles  thereof  form  the  basis  for  the  analysis  of 
statically  indeterminate  structures  of  all  kinds.  It  is  occasionally  neces- 
sary to  build  such  structures  in  steel,  and  quite  frequently  in  reinforced 
concrete,  although  they  should  be  avoided  whenever  practicable;  and 
furthermore,  indeterminate  conditions  are  frequently  met  with  in  the  de- 
sign of  minor  parts  of  ordinary  bridges.  If  the  engineer's  knowledge  of 
the'  basic  laws  of  deflections  is  superficial,  the  computation  of  a  problem 
of  such  a  nature  may  be  quite  difficult  and  frequently  unnecessarily  te- 
dious; and  the  results  are  always  likely  to  be  seriously  in  error.  But  if 
he  have  a  clear  grasp  of  the  subject,  the  solution  will  be  comparatively 
easy  and  the  results  dependable. 

Most  of  the  important  contributions  to  the  theory  of  deflections  have 
come  from  European  writers,  especially  German;  consequently  a  thor- 
ough study  of  the  question  can  best  be  made  in  the  technical  literature 
of  that  language.  The  most  complete  treatment  of  all  phases  of  the 
subject  that  the  author  has  yet  seen  in  any  American  work  is  that  given 
by  D.  A.  Molitor,  Esq.,  C.E.,  in  his  book  entitled  "Kinetic  Theory  of 
Engineering  Structures."  The  most  satisfactory  presentation,  for  the  di- 
rect use  of  the  busy  engineer,  is  probably  that  given  in  "Modern  Framed 
Structures,"  Parts  I  and  II,  by  Johnson,  Bryan,  and  Tumeaure.  While 
no  attempt  is  made  in  the  latter  work  to  treat  fully  all  of  the  theory  which 
has  been  evolved,  nevertheless  it  covers  practically  everything  that  is 
needed  in  any  ordinarj^  problem;  and  all  formulae  are  put  in  a  shape 
well  suited  for  direct  use.  Hudson's  book  entitled  "Deflections  and 
Statically  Indeterminate  Stresses"  also  gives  a  very  good  treatment  of 
the  entire  subject,  showing  the  application  of  various  methods  to  a  num- 
ber of  practical  examples.  There  might  also  be  mentioned  several  other 
books  which  discuss  the  matter  in  a  manner  quite  satisfactory.  All  ref- 
erences made  in  this  chapter  to  "Modern  Framed  Structures,"  Part  II, 
apply  to  the  1910  edition. 

It  is  beyond  the  scope  of  this  chapter  to  enter  into  any  extended  dis- 
cussion of  the  theory  of  deflections,  the  reader  being  referred  concerning 
it  to  the  text-books  above  mentioned.  However,  the  practical  methods 
of  calculating  deflections  in  beams  and  trusses  will  be  briefly  explained. 
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Deflections  in  structures  are  the  result  of  changes  in  the  lengths  of 
various  portions  thereof,  caused  usually  by  stresses  or  variations  of  tem- 
perature in  the  said  portions.  Tlie  engineer  is  also  called  upon  to  com- 
pute what  are  known  as  inelastic  deflections,  due  to  such  causes  as  play 
in  pin-holes,  or  shop  errors  in  the  lengths  of  members.  The  deflection  of 
any  structure  because  of  certain  changes  of  length  in  the  various  portions 
thereof  is  the  same  no  matter  what  the  causes  which  produce  these  changes 
may  be.  Thus,  if  one  member  of  a  truss  should  elongate  by  one-quarter 
of  an  inch,  the  resulting  deflections  of  the  different  panel  points  are  the 
same,  no  matter  whether  the  cause  of  the  elongation  of  the  member  is  a 
tensile  stress,  a  rise  in  temperature,  play  in  the  pin-holes,  the  adjustment 
of  a  toggle  or  turn-buckle,  or  a  shop  error  which  resulted  in  the  member 
being  fabricated  one-quarter  of  an  inch  too  long.  This  important  fact 
should  be  clearly  understood  and  kept  in  mind.  Formulae  for  the  deflec- 
tions of  structures  will  frequently  be  expressed  in  terms  of  stresses  or 
changes  of  temperature  existing  therein;  but  it  must  be  remembered  that 
these  quantities  appear  merely  in  order  to  express  the  changes  in  length 
caused  thereby. 

It  is  unnecessary  to  explain  how  to  calculate  the  change  in  length 
of  any  straight  member  due  to  direct  stress  or  a  change  of  temperature. 
Attention  might  be  called  to  the  fact  that  a  bending  moment  or  trans- 
verse shear  on  such  a  member  will  not  cause  the  length  of  its  axis  to  vary. 

The  deflection  of  a  straight  beam  due  to  bending  moment  may  be 
calculated  by  any  one  of  the  three  following  methods: 

1.  By  the  double  integration  of  the  differential  equation  of  the 

elastic  line. 

2.  By  means  of  equations  derived  from  the  laws  of  work. 

3.  By  the  area-moment  method. 

The  first  of  these  methods  is  presented  in  all  text-books  on  the  sub- 
ject, as  it  is  the  one  first  developed,  and  is  the  most  general  in  its  appli- 
cation. While  any  extended  discussion  of  it  is  unnecessary  here,  it  might 
be  well  to  call  attention  to  the  exact  meaning  of  certain  of  the  symbols 
used  therein. 

^,  .        M  /    ,  .  ,    .  ,        (r-y\    .      , 

The  expression  -^  I  which  is  equal  to  —  1   is  the  curvature  or  the 

rate  of  angular  bending  of  the  beam,  or  the  change  in  the  direction  of 
its  axis  per  lineal  unit.     When  multiplied  by  dx,  it  expresses  the  amount 

Mdx 
of  angular  bending  in  the  length  dx;   and  when  the  quantity  —^tf  is  in- 

tegrated  for  a  given  length  of  the  beam,  the  summing  of  the  amounts  of 
bending  for  all  of  the  small  lengths  dx  gives  the  amount  of  bending  in  the 
said  length  of  the  beam,  which  amount  is  equal  to  the  angle  (in  radians) 
between  the  tangents  to  the  axis  of  the  beam  at  the  extremities  of  the 
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said  length.  If  the  nite  of  bending  is  known  in  terms  of  any  other  quan- 
tities, it  can  be  inserted  in  deflection  equations  in  place  of  -^77-  Thus  if 
tlie  unit  stresses /i  and  /o  in  the  extreme  fibers  of  a  beam  and  its  depth 
d  are  knoA\ni,  —  can  be  replaced  by    ^^    ^     In  this  expression,  /i  and  fi 

carrj^  their  own  signs,  unit  tensile  stresses  being  given  one  sign,  and  unit 

compressive  stresses  the  other.     If  the  values  of  E  for  the  two  faces  of 

the  beam  be  different,  as  in  the  case  of  a  reinforced-concrete  beam,  the 

f  f 

corresponding  expression  would  be  ^7^  —  7T^- 

Jifi  a      hi2  d 

dy 
The  quantity  —,  or  the  slope  of  the  axis  of  the  beam,  represents  the 

rate  at  which  the  deflection  of  the  beam  is  changing  at  any  given  point. 

When  multiplied  by  dx,  it  expresses  the  amount  of  change  in  the  deflection 

dv 
in  passing  along  the  length  dx;  and  when  the  quantity  —  dx  is  integrated 

over  a  given  length  of  the  beam,  the  summing  of  the  changes  in  deflection 
in  all  of  the  small  lengths  dx  gives  the  difference  between  the  deflections 
of  the  two  points  at  the  extremities  of  the  said  length. 

In  integrating  to  find  the  slope  or  deflection  at  various  points,  it  is 
customary  to  introduce  certain  "constants  of  integration,"  without  ex- 
plaining their  meanings.  The  constant  used  in  performing  the  first  in- 
tegration to  get  the  value  of  the  slope  f  or  —  j  at  any  point  is  the  slope 

at  the  point  from  which  the  integration  begins;  and  the  constant  intro- 
duced in  making  the  second  integration  to  find  the  deflection  at  any 
point  is  the  deflection  at  the  point  where  that  integration  commences. 
Thus  if  at  a  given  point  in  a  beam  the  abscissa  be  Xi,  the  slope  of  the  axis 

be  — ,  and  the  deflection  be  yi,  the  slope  at  any  point  the  abscissa  of  which 

is  X  will  be  given  by  the  expression, 

dy       dy,         nUdx 

dx=dx,^A-W'  [^^-1] 

and  the  deflection  y  at  this  same  point  by  the  equation, 

When  convenient,  the  point  first  mentioned  should  be  taken  as  the  origin 
of  coordinates,  so  that  Xi  =  0;  and  the  above  equations  then  become 

dy      dyi         r  Mdx 

dx  =  d^,-^J  -eF'  t^^-^1 

..,y  =  y.^f'^^dx^ff^\  [Eq4l 
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The  first  method  is  generally  much  longer  than  either  the  second  or 
the  third,  and  should  rarely  be  used  when  the  deflection  of  but  one  point 
of  a  beam  is  desired.  When  the  deflections  of  many  points  are  sought, 
it  may  sometimes  be  the  best  method  to  employ. 

The  second  method  makes  use  of  the  equation, 

In  this  formula  5  is  the  deflection  at  a  given  point  of  the  beam;  E  is  the 
coefficient  of  elasticity  of  the  material  in  the  beam;  and  M,  m,  and  /  are, 
respectively,  the  simultaneous  values,  at  any  point  in  the  beam,  of  the 
moment  due  to  external  loads,  the  moment  due  to  a  load  of  unity  acting 
at  the  point  where  the  deflection  is  desired  and  in  the  direction  in  which 
the  deflection  is  to  be  found,  and  the  moment  of  inertia  of  the  beam. 
The  left-hand  member  expresses  the  external  work  done  by  the  unit  load 

Mdx 
in  moving  a  distance  5.     In  the  right-hand  member  the  expression     j^^ 

Jill 

gives  the  amount  the  beam  bends  in  the  length  dx;  and  when  multiplied 
by  m  (the  moment  produced  by  the  unit  load),  the  result  is  the  internal 
work  performed  by  the  unit  load  in  the  portion  of  the  beam  dx  in  length, 
because  the  product  of  a  moment  into  the  angle  in  radians  through  which 
it  turns  is  the  amount  of  the  work  done  by  the  said  moment.     On  sum- 

Mmdx 
ming  the  products  for  the  entire  beam,  there  is  obtained  the  total 

Mil 

internal  work  performed  by  the  unit  load  in  the  beam,  which  is,  of  course, 
equal  to  the  external  work  of  the  said  unit  load. 

There  is  no  relationship  between  the  quantities  M  and  m,  so  that 
we  can  figure  m  in  any  manner  we  choose,  no  matter  what  may  be  the 
actual  end  conditions  of  the  beam.  Ordinarily,  it  will  be  best  to  assume 
the  beam  simply  supported  at  both  ends,  unless  a  cantilever  beam  is 
under  consideration,  in  which  case  it  will  be  simplest  to  take  it  as  a  can- 
tilever. In  figuring  the  deflection  at  the  load  point  of  a  beam  which  is 
fixed  at  one  or  both  ends  and  carries  a  single  concentrated  load,  it  will 
give  the  easiest  solution  to  consider  the  beam  to  have  these  same  end 
conditions  when  computing  the  values  of  m.  If  the  beam  should  be 
continuous  over  the  supports,  and  if  the  values  of  m  should  be  calculated 
on  this  assumption,  the  right-hand  member  must  either  be  summed  for 
all  of  the  spans,  or  else  be  summed  for  the  one  span  only  and  the  result 
increased  (algebraically)  by  the  product  of  the  value  of  m  at  each  end  of 
the  span  by  the  angle  through  which  the  said  end  turns.  Figuring  m 
as  though  the  beam  were  simply  supported  makes  its  values  at  the  ends 
thereof  zeio,  so  that  the  labor  of  finding  the  work  of  the  end  moments 
is  eliminated.  If  either  support  moves,  the  effect  of  such  motion  can  be 
figured  directly,  or  else  the  reaction  on  the  support  due  to  the  unit  load 
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can  bo  computed  <an(l  multiplied  by  tho  amount  of  the  movement,  and 
the  result  added  (algebraically)  to  the  right-hand  member  of  the  equation. 
In  applj'ing  Equation  5,  the  signs  of  AI  and  m  must  be  observed, 
and  also  the  signs  of  the  work  performed  by  the  end  moments  or  the 
end  reactions.  The  product  of  the  angle  through  which  an  end  of  the 
beam  turns  into  the  corresponding  7n  will  be  positive  when  m  acts  in  the 
direction  in  which  the  said  end  rotates;  and  the  product  of  the  reaction 
of  the  unit  load  into  the  movement  of  an  end  support  will  be  positive 
when  the  reaction  acts  in  the  direction  of  the  said  movement.  The  mo- 
ment w  must  represent  the  action  of  the  beam  on  the  supports  or  the 
adjoimng  spans,  not  the  action  of  these  on  the  beam;  and  the  reaction 
employed  must  be  the  reaction  of  the  beam  on  the  support,  not  that  of 
the  support  on  the  beam.  If  the  said  moment  m  and  the  reaction  should 
be  taken  to  represent  the  action  of  the  supports  or  of  the  adjoining  spans 
on  the  beam,  the  terms  involving  them  would  express  external  work  done 
on  the  beam,  and  would  have  to  be  added  to  the  left-hand  member  of 
Equation  5. 

M  . 
As  has  been  previously  stated,  the  quantity  ^77  in  Equation  5  may 

Jill 

be  replaced  by  any  other  expression  representing  the  curvature  or  rate 
of  bending  of  the  beam. 

It  will  be  noted  that  Equation  5  is  analogous  both  in  derivation  and 

Pill 
application  to  the  well  known  -7^  equation  used  in  computing  the  defiec- 

tions  of  framed  structures. 

If  it  should  be  desired  to  find  the  amount  of  rotation  of  a  given  point 
of  a  beam,  a  couple  with  a  moment  of  unity  can  be  placed  at  the  said 
point,  and  Equation  5  applied  by  changing  8  to  a  (the  angle  in  radians 
through  which  the  point  turns),  the  values  of  m  being  those  produced 
by  the  unit  couple.  This  new  equation  merely  equates  the  external 
work  of  the  unit  couple  in  rotating  through  the  angle  a  to  the  internal 
work  performed  thereby  in  the  beam. 

The  appHcation  of  Equation  5  to  deflection  problems  is  well  illustrated 
in  Hudson's  "Deflections  and  Statically  Indeterminate  Stresses";  and 
the  formula  is  also  given  in  Part  I  of  "Modern  Framed  Structures." 
It  affords  much  easier  solutions  than  the  first  method,  and  requires  about 
the  same  amount  of  work  as  the  third,  except  when  in  the  latter  the  results 
can  be  written  out  by  inspection. 

The  third  method  has  been  slighted  by  many  American  writers,  who  do 
not  appear  to  have  realized  its  advantages.  It  is  developed  on  page  3 
of  "Modern  Framed  Structures,"  Part  II;  and  the  principle  from  which 
it  derives  its  name  is  explained  on  page  6  of  the  same  volume.  As  most 
engineers  are  accustomed  to  plotting  moment  diagrams  rather  than  equi- 
librium polygons,  it  is  convenient  to  use  the  term  the  area  of  the  moment 
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diagram  as  meaning  the  product  of  the  length  of  the  said  diagram  in  feet 
or  inches  by  the  average  height  thereof  in  foot-pounds  or  inch-pounds, 
rather  than  the  area  of  the  equihbrium  polygon.  Referring  to  Fig.  12a, 
the  two  italicized  statements  on  page  6  of  the  text  last  referred  to  may 
then  be  WTitten  as  follows,  for  beams  with  constant  moment  of  inertia: 

The  angular  change  between  any  two  points  is  equal  to  the  area  of  the 
corresponding  portion  of  the  moment  diagram  divided  by  El. 

The  deflection  of  a  point  B  with  reference  to  a  tangent  at  some  other  point 


Fig.  12a.     Area-Moment  Diagram. 


A  is  equal  to  the  moment  ahoid  B  of  the  area  of  the  corresponding  portion 

of  the  moment  diagram  divided  by  EI. 

If  the  moment  of  inertia  be  variable,  it  will  be  more  convenient  to  plot 

M 
as  ordinates  the  values  of  777,  rather  than  the  values  of  M,  and  then  use 

EI  ' 

the  above  laws  in  the  following  form: 

The  angular  change  between  any  two  points  is  equal  to  the  area  of  the 

.  .     M   ^. 
corresponding  portion  of  the  j^j  diagram,. 

The  deflection  of  a  point  B  with  reference  to  a  tangent  at  A  is  equal  to 

M 

the  moment  aboid  B  of  the  corresponding  portion  of  the  -^  diagram. 

In  some  cases  it  may  be  advisable  to  plot  as  ordinates  the  values  of 

Mx 

-^,  in  which  case  the  deflection  can  be  found  by  the  following  rule: 

The  deflection  of  a  point  B  with  reference  to  a  tangent  at  A  is  equal  to 
the  area  of  the  corresponding  portion  of  the  -ztz  diagram. 


and 


The  fundamental  equations  of  this  method  are: 

\ 

d~y       M 
dx'      EV 

[Eq.  6] 

dy        f^  Mdx 
dx   ~  Ja     EI' 

[Eq.  7]       , 

r^  Mxdx 
y  ~Ja      El  ' 

[Eq.  8] 

i 
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X  in  the  last  equation  being  measured  from  B  as  an  origin,  as  shown  in 

Fig.  12a. 

Tlio  aroa-momont  law  can  be  expressed  in  a  different  form  from  that 

above  presented,  so  that  it  ^vill  give  the  deflection  of  any  point  5  of  a 

beam  with  reference  to  the  supports,  rather  than  with  reference   to   a 

tangent   at   some  other  point  A.      It  will  be  noticed  that  instead  of 

getting  the  deflection  with  reference  to  the  tangent  at  A  by  means  of  the 

laws  as  already  stated,  we  could  have  arrived  at  the  same  result  by 

conceiving  the  beam  to  be  a  cantilever  supported  at  B  and  loaded  with 

M 
the  area  of  its  -^  diagram,  and  then  computing  the  moment  at  B  due  to 

this  assumed  loading.     To  get  the  deflection  of  the  point  B  of  the  beam 
showTi  in  Fig.  126  with  reference  to  the  supports,  we  can  in  hke  manner 
C  B 


Fig.  126.     pr?  Diagram. 

conceive  of  the  beam  as  being  simply  supported  at  the  ends  and  loaded 

M 
with  the  area  of  its  -^^  diagram,  and  then  figure  the  moment  at  B  due 
tjL 

to  this  assumed  loading,  which  gives  the  deflection  at  B.     The  principle 

of  this  method  may  be  stated  thus: 

The  deflection  of  any  point  B  of  a  beam  with  respect  to  its  supports  is 

equal  to  the  moment  ivhich  would  occur  at  B  if  the  beam  were  conceived  to  be 

M 
simply  supported  at  the  ends  and  loaded  with  the  area  of  the  —  diagram. 

This  law  can  be  proved  from  Equation  5.  In  that  equation  m  repre- 
sents the  moment  at  any  point  C  due  to  a  unit  load  at  B.  But  in  a  simply 
supported  beam,  m  will  also  equal  the  moment  at  B  due  to  a  unit  load 

Mmdx  Mdx 

at  C,  so  that     „       will  represent  the  moment  at  B  due  to  a  load  of  -777- 

-,     _,  •       /*'  Mmdx     ,       ,  ,  , 

at  C.     ihe  expression y        „.    ,  therefore,  represents  the  total  moment 

Mdx 
at  B  due  to  the  loads  -^77  on  each  of  the  elemental  lengths  dx  throughout 

the  beam;  and  since  the  value  of  this  expression  is,  by  Equation  5,  equal 
to  the  deflection  at  B,  the  truth  of  the  law  above  stated  is  established. 
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This  second  form  of  the  area-moment  law  is  the  more  general  of  the 
two,  the  first  form  being  a  special  case  thereof.  The  first  form  will  give 
the  shorter  solution  when  the  deflection  of  but  one  point  is  sought,  since 

M 
the  second  form  requires  the  calculation  of  the  end  reactions  for  the  — 

loading;  but  the  second  form  will  usually  be  quicker  when  the  deflections 
of  several  points  are  desired. 

M 

As  has  been  previously  pointed  out,  the  quantity  -^  in    any    of    the 

statements  of  the  area-moment  law  can  be  replaced  by  any  other  expres- 
sion representing  the  curvature  or  rate  of  bending  of  the  beam. 

The  area-moment  method  is  the  simplest  of  any  for  problems  in  either 
deflections  or  continuous  beams,  it  being  frequently  possible  to  write  out 
the  results  by  inspection.  This  is  well  illustrated  for  deflection  problems 
by  the  examples  shown  on  pages  7  to  9  of  "Modern  Framed  Structures," 
Part  II;  and  its  value  for  the  solution  of  problems  in  continuous  girders 
will  be  appreciated  by  comparing  the  very  simple  derivation  of  the  the- 
orem of  three  moments  given  on  pages  16-19  of  the  text  just  mentioned 


/ 

Z 

S 

"^^ 

--.^ 

Pad 

^^ 

-^^ 

^"^ 

I 

^^"^ 

0 

b 

■< . 

I 

Fig.  12c.     Moment  Diagram  for  a  Simple  Beam  with  a  Concentrated  Load. 


with  its  development  by  the  first  method,  as  expounded  in  several  other 
works.  Another  good  example  of  its  use  is  to  be  found  in  a  paper  by 
E.  F.  Jonson,  Esq.,  C.E.,  in  Vol.  LV  of  the  Trans.  A.  S.  C.  E.  It  can 
obviously  be  applied  very  easily  to  cases  in  which  the  moment  of  inertia 
of  the  beam  is  not  constant.  It  can  also  be  utilized  to  great  advantage 
in  cases  in  which  exact  integration  is  very  difficult  or  impossible,  by  plot- 

.  ,         ,  ,.  ,      ^^ 

tmg  to  scale  either  the  moment  diagram,  the 


Mx 
-^  diagram,  or   the  ^ 


diagram,  and  summing  the  areas  by  a  planimeter  or  in  some  other  manner. 

To  illustrate  the  application  of  the  different  methods,  let  us  find  the 
deflection  of  a  simple  beam  of  constant  moment  of  inertia  under  a  con- 
centrated load  placed  at  any  given  point.     See  Fig.  12c. 

The  analysis  by  the  double  integration  of  the  differential  equation  of 
the  elastic  curve  as  is  follows: 
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Considering  first  the  portion  1-2,  we  have,  taking  1  as  the  origin  and 
1-2  as  the  axis  of  x, 

dx  dxi        21  ' 

ax2  dxi         21 

and  EI  y^  =  EI -p  a  +  -~^. 

dxi  Ql 

...  EI^  ^Ely,        Pa% 
dxi  a  6Z  ' 

Considering  now  the  portion  2  —  3,  we  have,  taking  2  as  the  origin  and 
2  —  3  as  the  axis  of  x, 

^^d-y        __       Pa  ,,         .       Pah       Pax 

.         dy  dy2.Pabx      Pax^ 

••^^d^  =  ^^5^.  +  ~l  2l' 

m 

_  j^jdyi   ,    Pa'^h       Pahx      Pax^ 
~         dxi       TT  ^  ~1  2T' 

rrr  TPT        I    El  r  ^2/1       ,    Pa^bx   ,   Pabx'^       Pax^ 

EIy  =  EIy,  +  EI^^x+-j^  +  ^^--^. 

,.EI  y.^  EIv..  +  EI^^b  +  ^+^  -—   =0. 

Substituting  for  EI  — —  its  value  as  found  previously,  we  have 
dxi 

.    T.r      /  ^  \       ^«'&'        ^«'&'        Pab^       ^ 

•;^^^'  i-r)  =  -  TT-  ^  =  -  -37  ("  +  *)• 
••^'"     3jE;/r 

The  analysis  by  the  equation  derived  from  the  laws  of  work  is  as 
follows,  using  Equation  5. 

For  the  portion  1-2  we  have,  taking  the  origin  at  1, 

M  =  — , 

bx 
and  m  =  -J-. 
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lor  the  portion  2-3  we  have,  assuming  the  origin  at  3, 

M  =  — , 

,  ax 

and  w  =  -r. 


I 


dx. 


/•'  Mmdx  _  J_    r*  P6'  a;^  dx       J_     r^  Pa= 
•**  ^  ~  Jo      EI      ~  EI  Ja  h         '^  EI  Jo        I 

_  j_  r  Pb^  x^  Y  .  J_  r  -Pa'  ^^  'f 

~  EI  L    SP    Jo"^  EI  L   dl-^     Jo 

~  EI\  Sl^    "^    dl^  ) 
Pa^  b^  fa  +  b\ 
~SEIl\     I     ) 

_Poyb^ 

~  ZEIV 

The  analysis  by  the  area-moment  method,  using  the  first  form,  gives 
directly  the  deflections  of  Points  1  and  3  above  a  tangent  through  Point  2. 
Calling  these  deflections  6i  and  5  2,  we  have,  since  the  moment  at  Point  2 
.    Pab 

Pab       a_       2a  _  Pa^b 

'~  EIl^  2^   3    ~  dElV 

Pab       b      2  6       Pab^ 
and53=^^X2X-3-  =  3:^r 

Now  5=5.  +  (53-50j='-^+'f 

—  ^  j_  £i£ 
~    I    '^    I 

_  Pa^b^       Pa^b^ 

~  SEIl^'^  SEI  P 

Pa'^b^  fa-[-b\  ^ 


3  EI  I 
Pa^  62 


m 


3  EI  r  i 

The  analysis  by  the  area-moment  method,  using  the  second  form,  ' 

gives  the  deflection  5  directly.     The  reaction  ^1,  due  to  the  area  of  the  ] 

moment  diagram,  is  i 

Pab       6        2  6       Pab       «  ^r    ,    «  \  _! 

i^i  =  -7-  X  ^X  3-^  +  -y  X  Y  V^  +  3-;  ^  I 


I 

'      ,ab       a^\       Pab        ,oj..fa-^b\ 

(a  +  26). 


Pab/b^  .   ab   .   a^\       Pab,     .   «,^/a  +  6 

^Pab 
~  61 
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We  then  have 

Eld  =  Ria  -  (area  1-2)  X  -^  =  /2io T  ^  ^  ^  s" 

_  Pa5      Pa^b^  _  Po'b 

~  Qi  '^  31       or 

_  Pa-b\ 
"     ~   SEIl 

The  excessive  amount  of  work  required  by  the  first  method  is  quite 
apparent  in  the  preceding  problem. 

]\IaxwelI's  law  of  reciprocal  deflections  can  frequently  be  applied  to 
advantage  in  the  calculation  of  the  deflections  of  beams.  A  very  com- 
plete statement  of  this  law  is  to  be  found  in  Molitor's  "Kinetic  Theory 
of  Engineering  Structures"  (1910  edition),  pages  27-29,  but  a  simpler 
though  less  general  statement  thereof  may  be  made  thus: 

The  displacement  in  any  given  direction  a'  of  any  point  a  of  a  struc- 
ture, due  to  a  load  P  applied  at  some  other  p&int  b  in  a  direction  b' ,  is 
equal  to  the  displacement  of  the  point  b  in  the  direction  of  b'  which  would 
be  caused  by  the  application  of  the  load  P  at  the  point  a  in  the  direction  a'. 

As  an  example  of  the  application  of  Maxwell's  law,  suppose  that  we 
wish  to  draw  the  influence  line  for  the  deflection  of  a  given  point  of  a 
beam  due  to  a  concentrated  load  moving  across  the  span.  A  load  of 
unity  is  placed  at  the  point  in  question,  and  the  elastic  curve  of  the  beam 
under  this  loading  is  determined  by  any  of  the  methods  previously  de- 
scribed and  plotted  to  any  desired  scale.  The  curve  thus  drawn  will 
then  be  the  desired  influence  line. 

The  deflections  of  straight  beams  due  to  shear  are  small  as  compared 
with  their  deflections  due  to  bending  moment,  and  ordinarily  they  are, 
in  consequence,  neglected.  They  can  be  computed  by  means  of  the 
formula, 


r^  ^  Qdx 

=  1'ae:  t^^-^J 


in  which  yg  is  the  deflection  of  the  point  b  with  respect  to  a,  Eg  is  the 
coefficient  of  elasticity  for  shear,  and  Q,  A,  and  /?  are  the  values,  at  any 
point,  of  the  shear,  the  area  of  the  beam,  and  an  involved  function  of 
the  shape  of  the  cross  section  called  by  some  German  writers  the  ''dis- 
tribution number."  li  Q,  A,  and  j3  are  constant,  Equation  9  takes  the 
form, 

in  which  I  represents  the  length  of  the  beam  from  a  to  b. 

The  shearing  deflection  can  also  be  found  by  an  equation  similar  to 
Equation  5,  of  the  form, 

/*  ^  Qqdx 
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q  being  the  shear  at  any  point  due  to  a  unit  load  apphed  at  the  point  the 
deflection  of  which  is  desired.  The  calculation  of  deflections  by  means 
of  Equation  11  is  illustrated  in  Hudson's  "Deflections  and  Statically 
Indeterminate  Stresses." 

The  quantity  /3  which  appears  in  the  above  equations  cannot  be  ex- 
pressed in  any  simple  manner.     For  rectangular  solid  beams  its  value  is 

— ,  and  for  solid  circular   beams   it   is  — .      For    I-beams    and    girders 

its  value  will  generally  be  approximately  2 ;  but  it  is  likely  to  vary  widely 
therefrom  in  any  particular  case.  However,  since  in  such  beams  nearly 
all  the  shear  is  carried  by  the  web,  and  since  the  unit  shear  over  the  entire 
web  is  nearly  constant,  it  will  be  sufficiently  accurate  to  replace  A  by 
Ay,,  the  area  of  the  web,  and  to  make  |S  unity.  The  error  occasioned  by 
the  incorrect  assumption  will  never  be  large;  and  as  the  entire  deflection 
due  to  shear  is  generally  small  as  compared  with  that  caused  by  the  mo- 
ment, the  approximation  is  justified.  We  may,  therefore,  write  for  I- 
beams  and  plate-girders 

ys  =  J   -T^'  [Eq-12] 

When  Q  and  Ay,  are  constant,  this  equation  becomes 

In  the  same  manner  Equation  11  takes  the  form, 

''  =  I  t:e;  ^^-  "1 

The  deflections  of  curved  beams  due  to  moment  are  found  most  easily 
by  means  of  a  work  equation  similar  to  Equation  5,  or  by  the  area-moment 
method.  For  good  treatments  of  the  subject,  the  reader  is  referred  to 
"Modern  Framed  Structures,"  Part  II,  page  112,  and  to  Hudson's  "De- 
flections and  Statically  Indeterminate  Stresses"  (1911  edition),  page  59. 
When  exact  integration  is  impossible  or  tedious,  it  will  be  most  convenient 

M  ds  (      M  X  ds      lil  y  ds  \ 

to  plot  the  values  of     „,    (or      „.     or  ,  if  desired)  at  various 

Jbl     ^  hii  rLl  ' 

points  along  the  beam,  and  sum  the  areas  by  the  planimeter  or  in  some 
other  approximate  manner. 

The  deflection  of  a  truss  due  to  changes  in  the  lengths  of  the  various 
members  can  be  computed  either  analytically  or  graphically.  The  ana- 
lytic method  will  first  be  explained. 

Suppose  that  we  wish  to  find  by  this  method  the  deflection  5  of  a 
certain  point  of  a  truss  in  a  given  direction  due  to  changes  of  length  Ai 
in  the  various  members.     This  can  be  done  most  easily  by  placing  at  the 
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said  point  a  load  of  unity  aoting  in  tho  g,\von  direction,  calculating  the 
stresses  u  in  the  various  niemixn-s  caused  by  this  unit  load,  and  then 
appljang  the  formula 

5  =  2  w  .  A/.  [Eq.  15] 

This  equation  follows  directly  from  the  law  of  the  equality  of  internal 
and  external  work,  since  5  is  the  external  work  performed  by  the  unit 
load  in  moving  a  distance  8,  the  expression  u  .  Al  is  the  internal  work 
done  in  one  member  by  the  force  ti  moving  a  distance  A/,  and  lu  ,  M 
is  the  total  internal  work  done  in  the  entire  structure. 

The  changes  in  length  Al  of  the  various  members  may  be  due  to  stresses, 
changes  of  temperature,  or  such  accidental  or  arbitrary  effects  as  play  in 
pin-holes,  shop  errors,  and  adjustments  of  erecting  devices.  If  any  mem- 
ber of  length  I  and  area  A  be  subjected  to  a  stress  P,  a  change  of  tem- 
perature of  t  degrees,  and  arbitrary  or  accidental  changes  of  length  amount- 
ing to  A'l,  the  total  change  in  length,  Al,  will  be  given  by  the  formula, 

PI 

Al  =  —  +  etl+  A  %  [Eq.  16] 

in  which  e  is  the  coefficient  of  expansion  of  the  material.  We  can  then 
WTite  Equation  15  in  the  form, 

^Pul 


-X 


-\- i:  u  etl -{- :E  u  A'l.  [Eq.  17] 

AE 

This  equation  is  in  the  form  best  adapted  for  direct  use. 

It  is  necessary  to  adopt  some  convention  as  to  the  signs  of  the  various 
quantities  in  the  above  equation.  It  will  be  found  most  convenient  to 
call  tensile  stresses,  rises  of  temperature,  and  increases  in  length  positive, 
and  compressive  stresses,  falls  of  temperature,  and  decreases  in  length 
negative.  A  positive  value  of  6  will  then  indicate  that  the  point  moves 
in  the  direction  in  which  the  unit  load  was  assumed  to  act,  negative  that 
it  moves  in  the  opposite  direction. 

In  finding  the  deflection  of  a  point  in  one-half  of  a  symmetrical  truss 
under  synmietrical  loading,  it  will  be  best  to  place  a  unit  load  at  the  corre- 

-v-v  Pul 

sponding  point  in  the  other  half  also,  and  then  get  the  value  of  2.  — 

for  one-half  of  the  truss  only. 

When  the  deflection  of  a  truss  is  to  be  found  by  the  graphical  method, 
either  the  Williot  or  the  Williot-Mohr  diagram  is  employed.  The  con- 
struction of  these  diagrams  will  now  be  explained. 

Suppose  that  in  the  truss  ABCFED,  showni  in  Fig.  12c?,  the  members 
CF,  BE,  AD,  EC,  and  AB  are  shortened  by  known  amounts,  while  the 
members  EF,  DE,  BF,  and  AE  are  lengthened  by  known  amounts;  and 
that  the  point  F  remains  stationary,  and  the  member  CF  fixed  in  direc- 
tion. Let  the  various  members  be  numbered  1,  2,  3,  etc.,  as  shown  in 
the  figure,  and  let  the  change  in  length  of  Member  1  be  called  Al,  that 
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of  Member  2,    A2,  etc.     The  deflected  positions  of  the  various  panel 
points  can  now  be  found  as  follows: 

Since  Member  1  shortens  an  amount   Al,  but  does  not  rotate,  the 
point  C  will  evidently  move  directly  toward  F  by  the  amomit  Al,  rep- 


/JJ- 
Fig.  12rf.    Deflection  and  Williot-Mohr  Diagrams. 


resented  by  the  short  heavy  line  Cc.  The  point  c  is,  therefore,  the  de- 
flected position  of  C.  The  final  position  of  the  point  B  is  next  to  be 
found;  and  for  this  purpose  we  must  trace  the  movements  of  Members 
2  and  3.  (-onsidering  first  Member  3,  the  end  B  thereof  may  be  deemed 
to  move  away  from  F  in  a  direction  parallel  to  the  member  itself  by  an 
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amount  A3  represented  l)y  tlic  heavy  line  in  the  figure,  and  then  the 
nieniher  may  ho  thcmght  of  as  turniug  about  F  as  a  centre,  the  end  B 
thus  rotating  through  an  arc  of  radius  liF  +  A3.  For  Member  2,  we  may 
consider  that  the  entire  member  moves  downward  an  amount  Al  to  the 
l>osition  (parallel  to  its  original  position)  shown  by  the  light  dotted  line, 
then  that  the  end  B  of  the  member  moves  horizontally  toward  c  by  an 
amount  A2  (shown  by  the  heavy  Une),  and  lastly  that  the  member  ro- 
tates about  c  as  a  centre,  the  end  B  thus  describing  an  arc  of  radius 
BC  —  A2.  The  final  position  of  the  point  B  must  be  at  the  intersection 
of  the  two  arcs  swung  about  F  and  c  as  centres,  which  intersection  is  let- 
tered b  in  the  figure.  In  an  actual  truss,  these  movements  will  be  so  small 
as  compared  with  the  lengths  of  the  members  themselves  that  the  arcs 
will  be  practically  straight  lines  perpendicular  to  the  members.  Hence, 
in  making  the  construction,  in  the  figure,  the  members  themselves  have 
been  laid  off  to  a  small  scale  and  the  lengths  Al,  A2,  and  A3  to  a  much 
larger  one,  and  the  arcs  drawn  as  fight  straight  lines  perpendicular  to 
the  members.  Tliis  distortion  of  scales  evidently  introduces  no  errors, 
since  all  we  desire  to  know  is  the  position  of  h  with  respect  to  B;  and 
the  Unes  d^a^^^l  in  finding  its  location  are  the  same  in  length  and  direc- 
tion as  they  would  have  been  had  the  members  been  laid  off  to  the  same 
scale  as  the  distortions  themselves.  The  heavy  dotted  lines  be  and  bF  do 
not  truly  represent  the  final  positions  of  the  members  BC  and  BF;  but 
they  give  a  ver}'  good  idea  of  the  actual  movements  of  the  said  members. 
If  the  distortions  are  laid  out  on  a  scale  fifty  times  that  of  the  truss  itself, 
the  angles  between  be  and  BC  and  between  bF  and  BF  will  be  approxi- 
mately fifty  times  as  large  as  the  true  values. 

The  deflected  position  of  Point  E  is  next  to  be  found.  Considering 
first  Member  4,  the  heavy  line  A4  is  laid  off  representing  the  movement 
of  the  end  E  away  from  F,  and  then  the  light  line  perpendicular  to  EF 
is  drawn  to  indicate  its  movement  of  rotation  about  F  as  a  centre.  Next 
considering  Member  5,  we  can  conceive  of  its  moving  parallel  to  itself 
until  the  point  B  reaches  b,  the  point  E  moving  along  a  fine  equal  in  length 
to  the  line  Bb  and  parallel  thereto.  The  heavy  fine  A5  is  then  drawn 
to  represent  the  movement  of  E  toward  b  due  to  the  shortening  of  the 
member,  and  lastly  the  light  line  perpendicular  to  BE  to  indicate  the 
rotation  aljout  b  as  a  centre.  The  intersection  of  these  two  "arcs"  at 
e  gives  the  final  position  of  E. 

We  now  proceed  to  find  the  movement  of  the  point  A  by  the  same 
method  that  was  used  for  the  point  E.  The  member  6  is  considered  to 
move  parallel  to  itself  to  the  position  shown  by  the  fight  dotted  fine,  the 
end  B  moving  along  the  line  Bb  and  the  end  A  along  a  line  equal  and 
parallel  to  Bb.  The  heavy^  line  A6  is  then  drawn  to  represent  the  move- 
ment of  A  toward  b  due  to  the  shortening  of  the  member,  and  the  fight 
vertical  line  to  represent  the  rotation  of  A  about  6  as  a  centre.  In  like 
manner,  considering  Member  7,  the  point  A  can  be  thought  of  as  moving 
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along  the  light  dotted  line  equal  and  parallel  to  Ee,  then  along  the  heavy 
line  A7,  and  lastly  along  the  hght  line  perpendicular  to  AE.  The  inter- 
section of  the  two  ''arcs"  at  a  gives  the  final  position  of  the  point  A. 

Finally,  we  find  the  movement  of  the  point  D.  For  the  member  8, 
we  draw  a  light  dotted  fine  equal  and  parallel  to  Ee,  the  heavy  line  A8 
representing  the  movement  of  D  away  from  e  on  account  of  the  elonga- 
tion of  the  member,  and  the  light  vertical  line  to  indicate  its  rotation 
about  e.  For  the  member  9,  we  draw  the  light  dotted  line  equal  and 
parallel  to  Aa,  the  heavy  line  A9  to  show  the  movement  of  D  toward  a 
due  to  the  shortening  of  the  member,  and,  lastly,  the  light  horizontal 
fine  to  represent  its  rotation  about  a.  The  intersection  of  the  two  "arcs" 
at  d  is  the  deflected  position  of  D. 

While  the  method  just  explained  is  easy  to  follow,  it  makes  it  neces- 
sary to  lay  out  the  truss  diagram  to  a  fairly  large  scale,  and  to  draw  a 
good  many  lines.  By  an  examination  of  the  figure,  it  will  be  seen  that 
if  construction  lines  identical  with  those  drawn  at  all  the  various  panel- 
points  be  laid  off  from  a  single  point,  they  will  unite  to  form  the  small 
compact  diagram  shown  below  the  larger  one.  This  small  diagram  can 
evidently  be  draAvn  up  much  more  quickly  than  the  diagrams  at  the 
panel  points  of  the  large  figure;  and  in  order  to  do  this  in  a  logical  man- 
ner, the  work  should  be  carried  through  as  follows: 

The  point  F,  which  is  assumed  to  stand  fast,  is  first  located  and  marked 
/.  Since  the  point  C  merely  moves  downward  toward  F  by  an  amount 
Al,  the  heavy  line  Al,  drawn  downward  from  /  locates  c,  the  final  posi- 
tion of  C.  Since  the  point  B  moves  upward  and  to  the  left  from  F  by 
a  distance  A3  parallel  to  Member  3,  and  horizontally  to  the  right  toward 
C  by  an  amount  A2,  a  heavy  fine  of  length  A3  is  drawn  upward  and  to 
the  left  from  /  parallel  to  BF,  and  one  of  length  A2  horizontally  to  the 
right  from  c;  and  from  the  ends  of  these  heavy  lines  are  drawn  light 
lines  perpendicular  to  the  respective  members  to  represent  the  rotations 
of  the  said  members  about  F  and  c.  The  intersection  of  these  two  fines 
locates  b,  the  final  position  of  B.  Since  the  point  E  moves  horizontally 
to  the  left  from  F  by  an  amount  A4,  and  vertically  upward  toward  B 
by  an  amount  A5,  a  heavy  line  of  length  A4  is  drawn  horizontally  to 
the  left  from  /,  and  one  of  length  A5  vertically  upward  from  h;  and  from 
the  ends  of  these  heavy  lines  are  then  drawn  light  line^  perpendicular 
to  the  respective  members  representing  the  rotations  of  the  said  mem- 
bers about  F  and  b.  The  intersection  of  these  two  lines  locates  e,  the 
deflected  position  of  E.  Since  the  point  A  moves  upward  and  to  the 
left  from  E  a  distance  A7  parallel  to  the  member  7,  and  horizontaUy 
to  the  right  toward  B  by  an  amount  A6,  a  heavy  line  of  length  A7  is 
dra\vn  upward  and  to  the  left  from  e  parallel  to  AE,  and  one  of  length 
AG  horizontally  to  the  right  from  b;  and  from  the  ends  of  these  heavy 
lines  are  drawn  light  lines  perpendicular  to  the  two  members,  to  indicate 
the  rotations  thereof  about  e  and  b.     The  intersection  of  these  two  lines 
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at  a  is  then  the  deflected  position  of  the  point  A.  As  the  point  D  moves 
horizontally  to  the  left  from  E  an  amount  A8,  and  vertically  upward 
toward  A  a  distance  A9,  a  heavy  line  of  length  A8  is  drawn  horizontally 
to  the  left  from  e,  and  one  of  length  A9  vertically  upward  from  a;  and 
from  the  extremities  of  these  heavy  Unes  are  cbawn  light  lines  perpen- 
dicular to  the  two  members,  to  inchcate  the  rotations  thereof  about  e  and 
a.     These  two  lines  intersect  at  d,  which  is  the  deflected  position  of  D. 

By  a  comparison  of  the  small  diagram  with  the  large  figure,  it  \vill  be 
seen  that  the  positions  of  the  points  c,  b,  e,  a,  and  d  with  respect  to  /  give 
tlirectly  the  deflections  of  the  corresponding  panel  points  with  respect 
toF. 

The  small  diagram  just  discussed  was  first  proposed  in  1877  by  the 
French  engineer  Williot,  and  is  known  as  the  Williot  diagram. 

After  one  has  familiarized  himself  with  the  method  just  described  for 
the  drawing  of  the  Williot  chagram,  he  should  be  able  to  construct  such 
figures  without  difficulty.  If  he  should  be  somewhat  uncertain  when 
starting  to  draw  a  diagram,  it  will  be  well  to  lay  out  a  couple  of  panels 
free  hand,  and  carry  through  roughly  the  constructions  at  one  or  two 
panel-points  in  the  mamier  first  described.  After  this  is  done,  the  method 
of  proceeding  with  the  WiUiot  diagram  will  be  apparent. 

It  was  stated  above  that  the  positions  of  the  points  a,  b,  &,  etc.,  of  the 
small  figure  with  respect  to  /  give  the  deflections  of  the  points  A,  B,  C, 
etc.,  with  respect  to  F,  or  their  movements  on  the  assumption  that  the 
point  F  does  not  move.  It  is  further  evident  that  the  positions  of  a,  b, 
c,  etc.,  with  respect  to  any  other  point,  as  e,  give  the  deflections  of  the 
points  A,  B,  C,  etc.,  with  reference  to  ^  as  a  fixed  point;  so  that  we  are 
thus  able  to  determine  directly  from  the  Williot  diagram  the  deflections 
of  the  various  panel-points  with  reference  to  any  one  of  them,  so  lopg 
as  the  member  which  was  assumed  to  remain  fixed  in  direction  does  not 
rotate.  Also,  if  it  is  known  that  some  point  has  moved  a  certain  dis- 
tance in  the  actual  structure,  a  fixed  point  can  be  located  with  reference 
to  this  point,  and  the  deflections  of  all  the  panel  points  can  then  be  meas- 
ured from  the  said  fixed  point.  Thus,  if  in  Fig.  I2d  it  were  known  that 
C  in  the  actual  structure  moved  1"  to  the  left,  the  member  CF  stiU  re- 
maining fixed  in  direction,  we  should  locate  a  reference  point  1"  to  the 
right  of  c,  and  measure  all  deflections  therefrom. 

It  is  frequently  impossible  to  assume  as  an  axis  of  reference  a  member 
which  will  not  rotate  in  the  structure,  so  that  after  the  Williot  diagram 
has  been  drawn  it  may  be  necessary  to  determine  the  effect  of  rotating 
the  deflected  truss  through  some  angle.  For  instance,  suppose  that  in 
the  problem  explained  above  it  were  known  that  the  point  D  could  move 
horizontally  only.  In  that  case  it  would  be  necessary  first  to  draw  the 
Williot  diagram  as  explained  previously,  and  then  to  determine  the  effect 
of  rotating  the  deflected  truss  until  the  point  d  drops  down  to  the  ele- 
vation of  the  point  D.     It  will  be  found  simpler  to  assmne  that  the  orig- 
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inal  truss  rotates  about  F  as  a  centre  until  D  reaches  the  elevation  of  d, 

rather  than  that  the  deflected  truss  rotates;    and  as  only  the  relative 

positions  at  the  various  panel  points  are  to  be  figured,  the  two  methods 

will  evidently  give  the  same  results.     The  simpler  method  will,  therefore, 

be  used.     Considering  first  the  large  truss  diagram,  the  point  D  will 

evidently  move  vertically  to  a  point  d'  at  the  same  elevation  as  d,  so 

that  the  entire  truss  will  rotate  through  an  angle  the  value  of  which  m 

Dd' 
radians  is  equal  to  -ttbt-     The  point  A  will  move  to  a  point  a',  the  position 
Or 

of  which  is  foimd  by  drawing  a  line  perpendicular  to  AF,  and  of  a  length 

Aa'  given  by  the  formula, 

T)d' 
Aa'  =  AF^.  [Eq.  18] 

(This  line  Aa'  is  really  an  arc  of  a  circle  having  its  centre  at  F;  but,  as 
explained  before,  a  straight  line  perpendicular  to  AF  should  be  used.) 
The  new  positions  h' ,  c' ,  and  e'  of  the  points  B,  C,  and  E  are  then  to  be 
found  by  drawing  the  fines  Bb',  Cc',  and  Ee'  perpendicular  to  the  lines 
BF,  CF,  and  EF,  respectively,  the  lengths  of  the  fines  being  determined 
in  the  same  manner  as  was  that  of  Aa'.  Turning  now  to  the  small  Wil- 
liot  diagram,  and  remembering  that  it  is  but  a  collection  of  the  construc- 
tion lines  drawn  at  the  various  panel-points,  it  is  evident  that  we  can 
draw  thereon  lines  equal  in  length  and  parafiel  to  Dd',  Aa',  Bb',  Cc',  and 
Ee', — all  radiating  from  the  point  / — and  thus  locate  on  this  diagram  the 
points  d',  a',  b',  c',  and  e'.  It  is  further  clear,  however,  that  these  points 
/,  d',  a',  b',  c',  and  e'  constitute  a  small  scale  drawing  of  the  truss,  with 
all  of  its  members  perpendicular  to  those  in  the  original  truss.  Hence 
we  can  locate  these  points  most  easily  by  drawing  the  line  fd',  assuming 
it  to  represent  the  member  FD  of  the  actual  truss,  and  then  completing 
therefrom  the  small  scale  drawing  of  the  truss.  The  positions  of  the 
points  d,  a,  b,  c,  and  e  with  respect  to  d',  a',  b',  c',  and  e',  respectively, 
give  directly  the  deflections  of  the  various  panel-points  in  the  structure 
from  their  original  positions  D,  A,  B,  etc.,  on  the  assmnption  that  F 
remains  fixed  in  position  and  D  moves  horizontally  only. 

In  the  example  illustrated,  the  truss  was  assumed  to  rotate  about  the 
same  point  that  had  been  used  as  the  starting  point  in  drawing  the  Wil- 
ILt  diagram.  It  is  not  essential,  however,  that  these  two  points  be  the 
same.  For  instance,  it  might  have  been  known  that  E  was  the  fixed 
point  and  that  D  remained  at  the  same  elevation  as  E.  A  line  ed'  would 
then  have  been  drawn  vertically  upward  from  e  {i.  e.,  perpendicular  to 
ED)  until  it  intersected  a  horizontal  through  d,  and  the  small-scale  truss 
drawn  in  on  the  assumption  that  ed'  represents  the  member  ED  of  the 
truss  itself.  The  positions  of  the  points  a,  b,  c,  d,  and  /  ^^^th  reference  to 
the  points  a',  b',  c',  d',  and  /',  respectively,  of  this  latter  truss  diagram 
would  indicate  the  deflections  of  the  various  panel-points  on  the  assump- 
tions that  E  remains  fixed  and  that  D  moves  horizontally  only. 
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Again,  it  might  have  been  known  that  F  moved  1"  downward  and 
1"  to  the  right,  and  that  the  point  D  moved  downward  ^"  and  was  free 
to  move  horizontally.  We  would  then  have  located  a  point  /'  1"  to  the 
left  of  /  and  I"  above  it,  and  the  point  d'  3^"  above  d  and  on  a  vertical 
line  through  /'.  (The  last  mentioned  line  is  drawn  vertical  because  it 
must  be  at  right  angles  to  FD,  which  is  horizontal.)  The  small-scale  truss 
would  then  have  been  drawn  in  with  d'f  representing  the  member  DF 
of  the  truss,  and  the  positions  of  the  points  a,  h,  c,  d,  e,  and  /  with  refer- 
ence to  the  points  a',  b',  c',  d',  e',  and  /'  of  the  diagram  last  drawn  would 
represent  the  movements  of  the  various  panel-points. 

To  give  one  more  illustration,  we  might  suppose  that  the  point  D 
remains  fixed,  and  that  the  point  C  can  move  horizontally  only.  We 
first  locate  the  point  c'  at  the  intersection  of  a  horizontal  line  through  c 
\\ith  a  line  drawn  through  d  perpendicular  to  a  line  DC  drawn  in  the  truss. 
We  then  complete  the  small  scale  drawing  of  the  truss  with  points  d 
and  c'  representing  the  points  D  and  C.  As  before,  the  positions  of  the 
points  a,  b,  c,  e,  and  /  with  reference  to  the  points  a',  b',  c' ,  e',  and  /'  of 
the  new  diagram  give  the  deflections  of  the  various  panel  points. 

The  dra"s\Tng  of  the  diagram  for  the  effect  of  rotation  was  suggested 
first  by  Prof.  Mohr  in  1887;  and  the  complete  diagram,  showing  the 
effects  of  both  displacement  and  rotation,  is  best  called  the  Williot-Mohr 
diagram. 

It  will  be  noted  that  this  diagram  does  not  give  directly  the  positions 
of  the  various  points  with  reference  to  each  other,  as  does  the  Williot 
diagram.  If  this  should  be  desired  for  the  truss  shown  in  Fig.  \2d,  we 
can  proceed  as  follows.  A  line  is  drawn  through  a  equal  in  length  and 
parallel  to  a'f,  and  the  extremity  thereof  is  lettered  a";  another  is  drawn 
through  b  equal  in  length  and  parallel  to  b'f,  and  the  extremity  thereof 
is  lettered  b" ;  etc.  The  positions  of  the  various  points  a",  b",  etc.,  with 
reference  to/  give  the  deflections  of  the  points  A,  B,  etc.,  on  the  assump- 
tion that  F  remains  fixed  and  D  moves  horizontally  only;  and  the  relative 
movement  of  any  two  points  is  also  shown  directly. 

If  the  construction  last  described  gives  too  complicated  a  figure,  the 
points  can  be  transferred  to  a  separate  diagram  at  one  side.  Another 
method  is  to  take  a  piece  of  tracing  cloth,  mark  thereon  a  reference  point, 
and  letter  it  /".  The  cloth  is  then  shifted  until  /"  coincides  with  a',  and 
the  point  a  is  marked  thereon  and  lettered  a".  This  same  procedure  is 
then  followed  through  for  each  of  the  other  points,  keeping  the  cloth 
properly  oriented.  The  positions  of  a",  b",  c",  d",  and  e"  with  reference 
to  /"  then  give  the  deflections  of  the  corresponding  panel-points  on  the 
assumptions  that  F  remains  fixed  and  that  D  moves  horizontally  only. 

In  starting  a  Williot  diagram,  a  member  which  will  not  rotate  should 
be  used  as  a  reference  axis,  if  possible.  For  a  symmetrical  truss  under 
symmetrical  loading,  the  centre  bottom-chord  member  should  be  used  in 
the  case  of  a  truss  with  an  odd  number  of  panels,  and  the  centre  vertical 


246  BRIDGE   ENGINEERING  Chapteb  XIl 

post  in  the  case  of  a  truss  with  an  even  number  of  panels.  A  symmetri?al 
arch  without  a  crown  hinge  can  also  be  handled  in  the  same  manner. 
If  a  truss  should  have  an  end  fixed  in  direction,  the  diagram  should  be 
started  at  that  end.  For  cantilevers,  arches  with  croA\Ti  hinges  and  un- 
symmetrical  trusses,  it  will  usually  be  impossible  to  select  a  member  which 
will  not  rotate. 

In  drawing  up  a  Williot  diagram  for  a  truss  with  subdivided  panels, 
the  positions  of  the  main  panel  points  should  first  be  found,  ignoring 
entirely  the  secondary  members,  which  do  not  affect  the  positions  of  the 
said  main  points.  The  positions  of  the  various  secondary  panel-points 
can  then  be  determined. 

The  Williot  diagram  can  also  be  utihzed  to  find  the  angles  through 
which  the  various  members  of  a  truss  have  rotated.  If  we  examine  the 
movement  of  any  member,  as  AE,  in  Fig.  12d,  we  find,  as  before  explained, 
that  it  may  be  considered  to  consist  of  two  parts;  first,  a  movement  of 
translation  parallel  to  itself,  and  second,  a  rotation  about  e  as  a  centre. 
The  angle  of  rotation  7  of  this  member  is  evidently 

.  =  ff.  lEq.191 

Now  the  line  aia  appears  as  one  of  the  light  lines  in  the  Williot  diagram, 
hence  the  angle  through  which  any  member  turns  can  be  figured  by  means 
of  the  light  lines  in  the  said  diagram.  The  direction  of  rotation  can  be 
determined  in  a  simple  manner.  For  instance,  if  we  trace  from  e  to  a,  the 
rotation  is  to  be  considered  as  one  of  a  about  e  as  a  centre,  thus  giving 
clockwise  rotation.  If  we  trace  from  a  to  e,  the  rotation  is  to  be  taken 
as  one  of  e  about  a  as  a  center,  again  giving  clockwise  rotation.  If  a 
member  at  the  centre  of  a  symmetrical  truss  symmetrically  loaded  be 
assumed  to  remain  unchanged  in  direction,  all  members  in  one  half  of 
the  truss  will  usually  rotate  in  the  same  direction. 

When  a  complete  study  of  the  deflections  of  a  truss  under  various 
loadings  is  desired.  Maxwell's  law  of  reciprocal  deflections,  which  was 
previously  explained,  can  be  employed  to  advantage.  Thus  if  the  influ- 
ence line  for  the  deflection  of  any  point  a  of  a  truss  due  to  a  concentrated 
load  appUed  at  the  various  panel  points  be  desired,  a  Williot  diagram 
should  be  drawn  for  a  load  at  the  point  a.  The  deflection  of  a  due  to  a 
load  at  any  other  point  h  will  then  be  equal  to  the  deflection  at  6  due 
to  the  same  load  at  a,  which  latter  deflection  is  given  by  the  WiUiot  dia- 
gram just  constructed.  This  principle  is  of  especial  value  in  the  calcu- 
lations of  stresses  in  statically  indeterminate  trusses. 

An  example  of  the  drawing  of  a  Williot-Mohr  diagram  for  a  truss  will 
now  be  given  in  full,  and  the  deflection  of  two  points  will  then  be  checked 
by  the  analytic  method.  For  this  purpose  the  296'  span  used  as  an  ex- 
ample in  Chapter  XI  on  Secondary  Stresses  will  be  adopted.  The  cal- 
culations for  the  Williot  diagram  are  shown  in  Table  lid.     The  truss  is 
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assumed  to  be  fully  loaded,  and  the  stresses  are  figured  on  this  assump- 
tion. Care  should  be  taken  to  see  that  no  error  is  made  in  this  respect. 
The  stresses  given  on  a  stress  sheet  cannot  be  employed,  as  they  repre- 
sent maximum  and  not  simultaneous  stresses.  Next  the  changes  in  length 
of  the  various  members  ar(>  figured.  The  diagram  on  the  right  in  Fig. 
12e  is  then  laid  out.     It  gives  the  inclinations  of  all  members  in  the  half 


land  10 


2.4.6.8.10  and  12 


Fig.    12e.      Williot-Mohr    Diagram    for    a    296-foot,    Single-track-railway,    Riveted, 

Parker-truss  Span. 


truss,  and  is  much  more  compact  and  convenient  than  an  outline  draw- 
ing of  the  truss.  The  Williot  diagram  in  Fig.  12e  is  then  drawn  on  the 
assumption  that  the  centre  bottom  chord  member  10-12  does  not  rotate, 
(which  is  correct)  and  that  Point  10  does  not  move.  The  mid-point  of 
the  member  10-12  evidently  moves  to  the  right  by  half  of  the  elongation 
of  10-12  to  the  point  marked  m  in  the  figure.  The  mid-point  of  the 
member  11-13  evidently  lies  vertically  over  the  point  last  located  (the 
truss  and  its  loading  being  symmetrical),  and  above  it  by  the  amount 
that  the  member  10-11  elongates,  its  position  in  the  diagram  being  leti- 
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tered  m'.  Point  11  wall  evidently  move  to  the  right  with  reference  to 
m'  by  the  amount  that  half  of  the  member  1 1-13  shortens.  Having  found 
the  deflected  positions  of  Points  10  and  11,  the  constructions  to  find  the 
deflections  of  the  remaining  points  should  require  no  explanation,  except 
possibly  that  for  Point  14,  The  members  10-14  and  11-14  are  assumed 
to  have  no  stress,  so  that  apparently  all  that  is  necessary  is  to  draw  a 
line  from  Point  11  in  Fig.  12e  perpendicular  to  11-14,  and  one  from  Point 
10  perpendicular  to  10-14,  and  take  their  intersection  as  the  desired  point. 
This  point  is  found  to  Ue  to  the  left  of  m  and  m';  but,  on  account  of  sym- 
metry, we  know  that  it  must  Ue  in  the  vertical  line  through  these  points. 
Evidently,  therefore,  Members  11-14  and  10-14  must  elongate  sufficiently 
to  allow  14  to  lie  on  the  said  vertical  through  m  and  m'.  The  correct 
position  of  Point  14  is  on  this  vertical,  and  at  the  same  elevation  as  the 
intersection  just  found.  The  construction  lines  for  locating  Point  14 
are  shown  in  the  large  scale  sketch  just  above  the  main  Williot  diagram, 
and  are  drawn  on  a  scale  five  times  as  large.  After  Point  14  has  been 
located,  a  line  can  be  drawn  therefrom  perpendicular  to  10-14,  meeting 
a  line  drawn  from  Point  10  parallel  to  10-14,  and  another  one  from  Point 
14  perpendicular  to  11-14,  meeting  a  line  drawn  from  Point  11  parallel 
to  11-14.  These  lines  give  the  approximate  elongations  of  10-14,  and 
11-14,  from  which  rough  values  of  the  unit  stresses  therein  can  be  com- 
puted. For  finding  an  exact  result,  the  stresses  in  the  centre  panel  would 
have  to  be  adjusted. 

In  drawing  Fig.  12e,  it  is  evident  that  we  could  have  started  with 
the  mid-point  of  Member  10-12  as  the  fixed  point,  and  have  secured  the 
same  diagram  as  the  one  shown. 

In  most  cases,  the  deflections  with  regard  to  Point  1  would  be  the 
ones  desired.     These  can  be  determined  directly  from  the  Williot  diagram. 

To  illustrate  again  the  use  of  the  Williot-Mohr  diagram,  one  has  been 
drawn  in  on  the  assumption  that  Point  10  remains  fixed,  and  that  Member 
8-10  does  not  rotate.  No  explanation  of  its  construction  should  be 
necessary. 

The  deflection  of  Point  10  will  now  be  figured  by  the  analytic  method, 
using  the  device  of  placing  one  pound  loads  both  at  10  and  12.     The  cal- 

Pl 
culations  required  are  shown  in  Table  12a.     The  quantities  -r^  are  taken 

directly  from  tlu^  column  headed  AZ  in  Table  lid,  the  values  for  members 

10-12  and  11-13  being  taken  for  half  of  each  member.     The  quantities 

u  are  next  figured  for  the  one  pound  loads  at  Points  10  and  12,  and  the 

Pul 
products      -  are  formed.     Their  algebraic  sum  is  then  taken,  giving  the 

Arj 

deflection  of  either  Point  10  or  Point  12  below  the  supports.  The  result 
is  found  to  check  quite  closely  with  that  given  by  the  Williot  diagram, 
as  it  should. 
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The  calculation  of  the  deflection  of  Point  8  is  also  shown  in  Table  12a, 
to  illustrate  the  fact  that  the  computation  of  the  deflections  for  additional 
points  is  comparatively  eas3^  All  stresses  u  from  the  end  of  the  truss 
to  Point  8  are  the  same  as  before,  those  in  the  centre  portion  only  vary- 
ing. If  the  deflection  of  Point  6  were  also  to  be  figured,  the  stresses  u 
in  Members  6-7  and  7-8  would  change  considerably,  the  stresses  in  Mem- 
bers 7-9,  9-11,  11-13,  8-10,  10-12,  8-9,  9-10,  and  10-11  would  be  three 
quarters  of  those  used  for  Point  8,  and  all  of  the  other  stresses  would 

remam  unchanged. 

TABLE  12  a 

Deflections  of  a  296-Foot,  Single-Track-Railway,  Riveted,  Parker-Truss  Span 


Member 


Deflection  of  10 


Deflection  of  8 


AE 


Pul 
AE 


Pul 
AE 


1-3 

1-2 

2-3 

3-5 

2^ 

3-4 ...  . 

4r-5 

5-7 ... . 

4-6 

5-6 

6-7 ... . 

7-9 

6-8 

7-8 

8-9 

9-11. . . 
8-10.  .  . 
9-10. .  . 
10-11. . . 
M(ll-13) 
^(10-12) 
11-14... 
10-14.. . 


-0.182 
+0.143 
-1-0.108 
-0.152 
-f-0.143 
-1-0.198 
-0.148 
-0.150 
+0.143 
+0.186 
-0.098 
-0.148 
+0.144 
+0.153 
-0.029 
-0.149 
+0.145 
+0.081 
+0.045 
-0.075 
+0.072 

0.0 

0.0 


-1.276 

+0.791 

+0.0 

-1.388 

+0.791 

+0.915 

-0.717 

-1.864 

+  1.3.58 

+0.861 

-0.713 

-2.320 

+  1.842 

+0.890 

-0.759 

-2.806 

+2.308 

+0.988 

+0.146 

-2.800 

+2.800 

0.00 

0.0 


+0.2.32 

+0.113 

+0.0 

+0.211 

+0.113 

+0.182 

+0.106 

+0.280 

+0.194 

+0.160 

+0.070 

+0.343 

+0.265 

+0.136 

+0.022 

+0.418 

+0.335 

+0.080 

+0.007 

-0.210 

+0.203 

0.0 

0.0 


+3.680 


+0.241 
-2.244 

-6!  135 
+0.116 
-2.240 
+2.240 


+0.232 

+0.113 

+0.0 

+0.211 

+0.113 

+0.182 

+0.106 

+0.280 

+0.194 

+0.160 

+0.070 

+0.343 

+0.265 

+0.136 

-0.007 

+0.335 

+0.335 

-0.011 

+0.005 

+0.168 

+0.162 

0.0 

0.0 


+3.392 


Either  the  analytic  or  the  graphic  method  of  figuring  deflections  can 
ordinarily  be  employed  for  any  truss.  If  the  deflection  of  but  one  point 
in  one  direction  only  is  required,  the  analytic  method  is  the  quicker;  but 
if  the  movements  of  several  panel-points  are  to  be  figured,  the  graphic 
method  is  much  shorter.  A  verj^  common  procedure  is  that  of  using 
the  graphic  method,  and  then  checking  the  deflection  of  a  single  point 
(generally  at  the  centre)  by  the  analytic  method.  The  latter  is  partic- 
ularly useful  for  determining  the  movements  of  a  panel-point  of  a  truss 
which  is  erected  by  the  cantilever  method;  for  the  movement  of  the 
said  point,  due  to  an  adjustment  in  the  length  of  any  given  member, 
can  be  found  directly  by  multiplying  the  amount  of  the  adjustment  by 
the  value  of  u  for  the  said  member 
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The  combining  of  the  usual  stresses,  viz.,  those  due  to  Uve  load,  im- 
pact, and  dead  load  (also  those  for  centrifugal  load  in  railroad  structures 
on  curves),  is  simply  a  matter  of  addition  in  order  to  obtain  an  equivalent 
total  static  load;  but  when  there  enter  into  the  combination  some  of  the 
unusual  stresses,  such  as  those  due  to  wind,  traction,  and  temperature, 
the  theory  of  probabilities  has  to  be  employed. 

In  bridges  proper,  with  the  exception  of  arches  having  less  than  three 
hinges,  the  only  unusual  combination  is  that  of  the  ordinary  stresses  and 
the  wind  stresses,  to  allow  for  which  standard  bridge  specifications  permit 
of  an  increase  of  thirty  (30)  per  cent  over  the  regular  intensities  of  working 
stresses;  but  in  trestles,  all  of  the  various  stresses  mentioned  may  have 
to  be  considered,  hence  the  computing  of  some  of  the  sections  for  these 
structures  is  a  complicated  matter. 

As  specified  in  Chapter  LXXVIII,  the  columns  of  steel  trestles  are  to 
be  proportioned  thus: 

First.  For  live  load,  impact,  centrifugal  load,  and  dead  load,  with 
the  usual  intensities. 

Second.  For  live  load,  impact,  centrifugal  load,  dead  load,  and  wind 
load  or  traction  load,  with  an  excess  of  thirty  (30)  per  cent  over  the  usual 
intensities. 

Third.  For  live  load,  impact,  centrifugal  load,  dead  load,  wind  load 
or  traction  load,  and  temperature,  with  an  excess  of  forty  (40)  per  cent 
over  the  usual  intensities. 

Fourth.  For  live  load,  impact,  centrifugal  load,  dead  load,  traction 
load,  and  wind  load,  with  an  excess  of  forty  (40)  per  cent  over  the  usual 
intensities. 

Fifth.  For  live  load,  impact,  centrifugal  load,  dead  load,  traction 
load,  wind  load,  and  temperature,  with  an  excess  of  fifty  (50)  per  cent 
over  the  usual  intensities. 

The  preceding  combinations  and  excess  percentages  of  intensities  were 
adjusted  after  much  deliberation;  and  this  is  the  first  time  that  such  a 
complete  exposition  of  the  matter  has  been  made  in  print.  In  the  prep- 
aration of  specifications  heretofore  it  has  been  deemed  too  complicated 
for  written  treatment  and  has  ])een  left  entirely  to  the  judgment  of  each 
individual  designer.  A  study  o*"  the  preceding  adjustment  will  show  that 
the  greater  the  improbability  of  any  combination  the  greater  the  inten- 
sity of  working  stress  adopted.     The  worst  combination  (which,  really, 
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never  could  occur)  would  stress  the  metal  up  to  three-quarters  of  its 
elastic  limit,  which  is  perfectly  safe  for  an  occasional  loading.  It  is  much 
better  to  take  into  account  all  possible  combinations  and  to  stress  the  metal 
high  for  the  worst  summation  than  to  ignore  such  combinations  entirely 
and  to  trust  to  luck  that  they  will  never  occur,  as  is  too  gerorally  done  in 
trestle  designing.  On  the  other  hand,  though,  it  would  be  extravagant 
practice  to  combine  all  the  possible  stresses  and  use  either  the  ordinary 
intensities  or  even  these  increased  by  the  usual  thirty  (30)  per  cent  al- 
lowance for  the  including  of  wind.  Trestle  proi)ortioning  hitherto  has 
been  rather  unscientific;  and  it  is  to  be  hoped  that  the  specifications  of 
Chapter  LXX\TII  will  improve  the  general  practice  of  designing  in  this 
particular  at  least.  When  aU  is  said  and  done,  though,  it  is  impracticable 
to  eliminate  entirely  individual  judgment  in  the  designing  of  high  steel 
trestles,  because  in  some  cases  local  considerations  will  permit  of  the 
reduction  or  even  the  ignormg  entirely  of  certain  stresses.  For  instance, 
when  a  trestle  is  situated  near  the  middle  of  a  sharp  curve  or  near  the 
apex  of  two  heav>^  rising  grades,  it  would  be  bad  judgment  to  assume 
a  high  velocity  of  train  when  finding  the  stresses  due  to  centrifugal  loading. 

The  preceding  adjustment  of  combinations  of  stresses  and  intensities 
of  working  stresses  will  apply  also  to  arch  structures  having  less  than 
three  hinges  per  arch,  a  class  of  bridge  which  the  author  does  not  recom- 
mend for  steel  structures  because  of  the  unavoidable  ambiguity  of  stress 
that  it  involves. 

The  combination  of  bending  stresses  and  direct  stresses  is  a  rather 
simple  matter.  In  the  case  of  chords  of  riveted  truss  railroad  bridges 
subjected  to  transverse  loads  there  is  employed  a  compromise  formula, 

M  =  —Wl 
10  ^  ' 

for  finding  the  bending  moment;  and  the  usual  intensity  must  not  be 
exceeded  for  the  combination  of  extreme  fibre  bending  stress  and  the 
direct  compression  or  tension.  As  the  ends  of  the  member  are  assumed 
to  be  fixed,  the  formula  for  a  load  at  the  middle  of  the  beam  would  be 

and  that  for  a  load  uniformly  distributed  would  be 

M  =  i  Wl; 

but  as  the  actual  conditions  lie  between  these  two  extremes,  the  coefficient 
has  been  taken  a.s  one  tenth. 

In  the  case  of  chords  of  pin-connected-truss  railroad  bridges,  the  ends 
being  assumed  free,  the  compromise  formula  will  be 
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because  for  a  concentrated  load  at  the  middle  it  is 

4 
and  for  a  uniformly  distributed  load  it  is 

M  =  ^Wl 

o 

The  reason  for  the  compromise  is  that  the  ties  which  rest  on  the  top  chords 
tend  to  distribute  the  wheel  loads  over  the  total  length,  but  do  not  do 
so  uniformly.  It  seems  almost  unnecessary  to  say  that  in  the  preceding 
formulae  M  is  the  bending  moment,  W  the  total  load  on  the  beam,  and  I 
its  length.  Of  course,  in  other  cases  of  loading  than  that  of  railroad 
ties  on  chords,  one  of  the  exact  formulae  should  be  employed  instead  of 
the  compromise  ones. 

When  the  panels  are  very  long  and  the  stiff  chords  or  the  web  struts 
are  slender,  the  effect  of  bending  from  their  own  weight  is  to  be  consid- 
ered and  combined  with  the  direct  stress;  but,  according  to  the  speci- 
fications of  Chapter  LXXVIII,  the  intensity  of  working  stress  is  to  be 
increased  ten  (10)  per  cent.  Under  the  assumption  of  uniformly  dis- 
tributed loading,  the  formula  for  bending  should  be 


for  riveted  bridges,  and 


M^^^Wl 


M  =  ^  Wl 


for  pin-connected  ones.  In  the  case  of  struts  inclined  to  the  horizontal, 
the  loads  thereon  are  to  be  resolved  into  their  longitudinal  and  transverse 
components,  and  the  latter  are  to  be  used  in  computing  the  bending 
moment. 

The  combination  of  stresses  in  cantilever  bridges  and  in  arches  is  dis- 
cussed in  the  chapters  devoted  to  those  structures,  viz.,  Nos.  XXV  and 
XXVI;  hence  there  is  no  need  for  further  treatment  of  the  matter  here, 
except  to  call  attention  to  the  fact  that  the  sections  of  members  do  not 
require  to  be  increased  because  of  erection  stresses,  unless  such  total  stresses 
(including  those  from  wind  under  an  assumed  probable  pressure  of  ten 
(10)  or  fifteen  (15)  pounds  per  square  foot)  raise  the  intensities  above 
those  specified  for  a  combination  of  the  usual  loads  with  wind. 

The  combination  of  stresses  in  swing  spans  is  treated  at  length  in 
Chapter  LXXVIII,  consequently  nothing  need  be  said  about  it  here, 
except  to  call  attention  to  the  fact  that  where  the  assumed  uplift  load 
stress  on  any  member  tends  to  increase  the  section  it  must  be  considered, 
but  where  it  tends  to  diminish  the  section  it  must  be  ignored.  The  reason 
for  this  is  that  the  amount  of  uplift  is  assumed  arbitrarily,  and  the  prob- 
ability is  that  the  stresses  found  by  it  will  never  occur. 

In  summing  up  stresses  care  must  be  used  to  add  only  those  that  can 
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act  simultaneously,  because  some  stresses  can  never  occur  together;  for 
instance,  live  load  and  erection  stresses  in  cantilevers  and  in  arches  erected 
by  cantilevering,  and  live  load  and  wind  stresses  in  highway  bridges. 
This  word  of  warning  seems  ahnost  unnecessary;  nevertheless  a  careless 
computer  is  liable  to  sum  up  stresses  that  cannot  act  together,  as  the 
author  knows  from  personal  experience. 

In  the  combination  of  stresses  of  opposite  kinds  distinction  is  made 
between  the  conditions  of  the  reversal.  If  the  cause  thereof  be  wind, 
the  effect  of  reversion  is  ignored,  because  not  only  is  there  generally  a 
long  interval  between  reversals  but  also  the  maximum  wind  stress  on 
any  piece  is  of  infrequent  occurrence.  Reversals  due  to  live  loads  com- 
bined ^^^th  impact  are  divided  into  two  classes;  first,  those  which  occur 
in  succession  during  the  passage  of  a  live  load  over  the  structure,  and, 
second,  those  which  are  caused  by  different  loadings.  In  the  first  case 
each  of  the  two  kinds  of  stress  is  to  be  increased  by  seventy-five  (75)  per 
cent  of  the  other,  then  the  section  required  for  each  combination  is  to  be 
computed  and  the  larger  of  the  two  adopted.  In  the  second  case  the 
procedure  is  similar  to  that  just  described,  except  that  the  percentage  to 
be  added  is  fifty  (50)  instead  of  seventy-five  (75).  In  either  case,  though, 
when  figuring  the  number  of  rivets  for  connecting  main  members,  it  is 
best  to  add  together  the  tAvo  opposite  stresses  without  reducing  either 
and  to  proportion  for  the  sum,  because  stress  reversal  is  harder  upon 
the  comiecting  rivets  than  upon  the  members  themselves  which  they 
join.  One  can  appreciate  the  correctness  of  this  statement  by  recalling 
the  fact  that  the  quickest  way  to  break  off  a  nail  driven  for  a  portion  of 
its  length  into  timber  is  to  bend  it  a  few  times  in  opposite  directions — 
and  a  rivet  is  a  species  of  nail. 

There  arises  occasionally  in  a  bridge  engineer's  practice  a  question  of 
stress  combination  that  is  truly  difficult  of  solution  viz.  the  testing  of 
an  existing  structure  for  the  purpose  of  determining  either  its  safety  or 
its  proper  carrjdng  capacity,  as  was  the  case  a  few  yeafs  ago  in  the  Black- 
well's  Island  Bridge  at  New  York  City.  In  the  author's  opinion,  the 
test  loads  applied  in  that  case  were  not  the  proper  ones  to  use;  for  a  mis- 
take had  been  made  in  the  designing  by  omitting  the  suspended  spans 
in  the  two  long  openings  and  connecting  there  the  meeting  ends  of  the 
opposite  cantilever  arms.  Instead  of  finding  for  each  piece  the  sums  of 
the  stresses  of  like  kinds  from  all  of  the  panel  loads  throughout  the  entire 
structure,  the  theory  of  probabilities  should  have  been  studied  so  as  to 
determine  for  each  main  member  of  each  span  what  combinations  of 
live  loads  affecting  it  we^^e  likely  to  occur,  and  thus  arrive  at  a  common- 
sense  decision  concerning  the  capacity  of  the  bridge  to  carry  moving  load. 
The  author  understands,  though,  that  the  engineers  who  undertook  the 
job  of  making  the  complicated  computations  for  the  numerous  indeter- 
minate stresses  involved  were  not  free  agents  in  regard  to  this  matter, 
because  their  task  was  allotted  to  them  by  the  "Powers" 


254  BRIDGE    ENGINEERING  Chapter  XIII 

This  last  dissertation  brings  up  another  matter  that  deserves  the 
serious  consideration  of  all  practitioners  of  the  specialty  of  bridge  engi- 
neering. When  an  engineer  is  retained  to  check  the  stress  sheets  and 
plans  of  a  bridge  and  to  comment  thereon,  he  should  always  distinguish 
between  structures  already  built  and  those  not  yet  constructed,  treating 
the  latter  far  more  drastically  than  the  former;  because  in  the  latter  it 
is  practicable  to  change  anything  objectionable  that  he  may  discover, 
while  in  the  former  generally  it  is  not.  In  other  words,  it  is  good  philo.s- 
ophy  for  an  engineer  always  to  make  the  best  of  existing  conditions,  and 
not  to  condemn  a  structure  because  it  is  not  what  it  ought  to  have  been 
made,  but,  on  the  contrary,  to  show  what  it  is  good  for  under  probable 
and  not  under  practically  impossible  conditions  of  traffic. 


CHAPTER  XIV 


INTENSITIES    OF    WORKING    STRESSES 


By  the  term  "intensity  of  worldng  stress"  is  meant  the  unit  stress  or, 
in  American  bridge  practice,  the  number  of  pounds  per  square  inch  (either 
permissible  or  actual)  of  net  or  gross  cross-section  of  a  member.  Gener- 
ally the  term  refers  to  permissible  rather  than  to  actual  intensities,  es- 
pecially in  specifications  for  designing.  The  various  intensities  of  working 
stresses  of  which  the  bridge  engineer  takes  cognizance  are  those  for  ten- 
sion, compression,  shear,  bending,  and  bearing.  In  addition  there  is  the 
intensity  for  torsion,  which  is  applicable  to  bridge  designing  only  in  so  far 
as  it  relates  to  the  machinery  of  movable  spans.  There  are  also  inten- 
sities for  combinations  of  some  of  these  stresses  that  act  simultaneously; 
for  instance,  tension  and  bending,  and  torsion  and  bending;  but  shear 
is  usually  not  figured  upon  as  combining  ^'v^th  other  stresses,  although, 
strictl}'  speaking,  it  does.  Bearing  stresses  are  not  combined  with  any 
of  the  others  in  proportioning  the  sizes  of  bridge  members.  Alternating 
stresses  of  tension  and  compression  and  reversing  stresses  in  bending  are 
sometimes  taken  care  of  by  special  intensities,  but  generally  they  are 
provided  for  either  by  adding  the  two  stresses  together  and  proportioning 
regularl}'  for  the  sum,  or  by  adding  to  each  stress  a  certain  percentage 
of  the  other,  applying  the  usual  intensities  to  the  totals,  and  adopting 
the  larger  of  the  two  results  thus  obtained.  Some  years  ago  certain  en- 
gineers made  a  practice  of  taking  into  account  the  maximum  and  mini- 
mum stresses  in  bridge  members  by  using  modifications  of  the  Launhardt 
formula  so  as  to  provide  for  the  destructive  effect  of  oft-repeated  stresses. 
But  this  custom,  which  was  rather  in  the  nature  of  a  fad,  has,  with  one 
or  two  remarkable  exceptions,  "been  relegated  to  oblivion;  because  no  one 
has  yet  shown  that  the  repetition  of  stresses  not  exceeding  the  elastic 
limit  has  ever  produced  rupture;  and  as  the  actual  intensities  of  working 
stresses  in  bridge  members  rarely  exceed  one  half  of  that  hmit,  it  is  evi- 
dent that  in  properly  designed  structures  the  fatigue  of  metal  is  non- 
existent and  that  there  is  no  good  reason  for  any  longer  considering  that 
mji^hical  bugbear.  A  trace  of  it  may  possibly  exist  in  those  modern 
bridge  specifications  which  provide  one  intensity  of  working  stress  for  live 
loads  and  another  for  dead  loads:  but  generally  that  is  done  to  cover 
the  effect  of  impact. 

The  consideration  of  the  latter  in  bridge  designing  has  altered  fmida- 
mentally  the  standard  intensities  of  working  stresses  and  has  cut  down 
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materially  the  number  of  them  necessary  for  specifications,  in  that  by 
its  adoption  all  live  load  stresses  are  supposed  to  be  so  augmented  that 
the  sum  total  of  stresses  on  any  piece  is  reduced  to  an  equivalent  static 
load  stress.  As  stated  in  the  chapter  on  "Impact  Loads,"  the  impact 
method  of  proportioning  bridges  is  the  only  scientific,  rational,  and  cor- 
rect one;  and  its  effect  is  always  to  simplify  methods  of  computation, 
notwithstanding  the  additional  stresses  that  have  to  be  figured.  This 
method  has  come  to  stay.  The  author  has  used  it  exclusively  for  some 
twenty  years,  consequently  the  specifications  for  designing  given  in  this 
treatise  are  based  entirely  upon  it;  and  the  impact  effect  is  carried  into 
the  proportioning  of  every  detail  and  every  rivet  affected  by  the  live  load, 
instead  of  being  permitted  to  govern  only  the  sections  of  main  members, 
as  is  the  case  in  certain  standard  specifications.  Theoretically,  if  the 
proper  amount  of  impact  for  all  cases  be  provided,  there  should  be  but 
one  working  intensity  for  each  kind  of  stress;  but  actually  this  does  not 
prove  to  be  entirely  practicable,  for  two  reasons;  first,  there  may  be  two 
or  three  kinds  of  steel  used  in  any  bridge;  and,  second,  there  are  other 
considerations  than  impact  which  affect  the  determination  of  the  proper 
intensities  to  adopt.     For  instance,  in  compression  formulae  the  author 

does  not  consider  that  it  is  proper  to  adopt  a  single  coefficient  for  — ,  ir- 
respective of  the  condition  of  the  ends  of  the  piece,  because  a  strut  with 
hinged  ends  is  certainly  not  as  strong  as  a  like  strut  with  fixed  ends,  even 
w^hen  due  cognizance  is  taken  of  the  secondary  stresses. 

Engineers  of  railroad  companies,  in  order  to  anticipate  future  increase 
in  live  loads  and  other  adverse  conditions,  are  somewhat  prone  to  specify 
unusually  low  intensities  of  working  stresses;  but  the  author  believes  that 
this  method  is  unscientific,  and  that  the  future  should  be  provided  for 
by  adopting  heavy  live  loads,  proper  impact,  and  a  large  minimum  thick- 
ness of  metal,  stressing  the  steel  as  high  as  good  practice  and  experience 
show  to  be  legitimate.  The  only  sound  plea  for  a  reduction  of  intensities 
is  that  it  provides  for  possible  deterioration  by  rust;  but  even  that  does 
not  make  the  method  satisfactory,  as  the  amount  of  provision  is  propor- 
tionate to  the  total  stress,  and,  therefore,  generally  to  the  thickness  of 
the  metal,  while  the  rusting  is  not.  If  it  were  advisable  to  provide  for 
future  corrosion,  the  best  way  would  be  to  add  for  every  plate  and  shape 
a  certain  amount  (say,  one-sixteenth  (/le)  of  an  inch)  to  the  thickness 
called  for  by  the  computations,  taking  due  cognizance,  of  course,  of  the 
usual  requirements  for  minimmn  thickness;  and  the  author  is  inclined 
to  believe  that  this  would  be  an  advisable  innovation,  although  at  present 
he  is  not  prepared  to  endorse  it  to  the  extent  of  including  it  in  his  speci- 
fications. 

Some  engineers  contend  that  intensities  of  working  stresses  should  be 
kept  low  in  order  to  check  vibration  and  reduce  impact;  but  this  can  be 
accomplished  much  more  expeditiously  and  economically  by  adopting  a 
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ballast  floor.  The  shock  of  passing  engines  is  first  felt  by  the  rails  and 
ties,  and  if  these  be  supported  by  a  mass  of  ballast,  the  vibration  will  be 
checked  materially  before  it  reaches  the  truss  members,  and  thus  the 
effect  of  impact  will  be  substantially  lessened. 

In  the  days  of  wrought  iron  bridges,  before  impact  was  considered  in 
designing,  it  was  customary  to  stress  the  metal  in  tension  ten  thousand 
(10,000)  pounds  per  square  inch,  and  in  compression  eight  thousand  (8,000) 
pounds  i^er  square  inch,  reduced  by  Gordon's  or  Rankino's  formula  for 
length  ov(U'  rachus  of  gyration  or  for  length  over  least  diameter;  but 
counters,  hip  verticals,  and  flanges  of  built  beams  were  stressed  only  eight 
thousand  (8,000)  pounds  per  square  inch,  and  beam  hangers  six  thousand 
(6,000)  pounds  per  square  inch.     In  compression  the  usual  formula  was 

^  8,000 

C  = ' 


where  I  is  the  unsupported  length  of  the  column  in  inches,  r  its  radius  of 
gjTation  in  inches,  and  a  a  constant  depending  upon  the  condition  of  the 
ends  and  often  upon  the  fancy  of  the  engineer  doing  the  computing. 

The  intensity  for  shear  was  generally  taken  at  three-quarters  (^)  of 
that  for  tension,  and  that  for  bearing  at  twenty-five  (25)  per  cent  greater 
than  the  same.  Some  railroad  engineers  in  order  to  be  on  the  safe  side 
reduced  the  preceding  intensities  two  thousand  (2,000)  pounds  each, 
making  them  about  as  follows: 

Tension 8,000  lbs. 

Compression 6,000  lbs.  (reduced  by  formula) 

Bending  on  extreme  fibres  of  beams. .  .     6,000  lbs. 

Shear 6,000  lbs. 

Bearing  on  pins 10,000  lbs. 

In  highway  bridge  designing  it  was  customary  to  increase  by  twenty- 
five  (25)  per  cent  the  highest  intensities  used  for  railroad  bridges,  making 
them  about  as  follows: 

Tension 12,500  lbs. 

Compression 10,000  lbs.  (reduced  by  formula) 

Bending  on  extreme  fibres  of  beams. . .    10,000  lbs. 

Shear 10,000  lbs. 

Bearing  on  pins 15,000  lbs. 

When  steel  first  came  into  general  use  for  bridges  it  was  the  practice 
to  increase  by  twenty-five  (25)  per  cent  the  intensities  employed  for 
wrought  iron.  Some  engineers  who  advocated  soft  steel  stressed  it  less 
than  that,  and  some  who  preferred  comparatively  high  steel  stressed  it 
more;  but  the  medium  steel  which  was  generally  preferred  was  stressed 
from  ten  thousand  (10,000)  pounds  to  twelve  thousand  five  hundred  (12- 
500)  pounds  per  square  inch  in  tension  and  from  eight  thousand  (8,000) 
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pounds  to  ten  thousand  (10,000)  pounds  per  square  inch  in  compression 

(reduced,  of  course,  for  — ). 

The  general  adoption  of  Gordon's  formula  for  struts  caused  in  most 
cases  an  extravagant  use  of  metal,  at  least  in  comparison  with  the  tension 
members  of  the  same  structure.     Another  formula  often  used  was  Euler's, 

which  was  established  for  large  values  of  — ,  and  which  really  does  not 

apply  at  all  to  low  values  thereof.  As  previously  indicated,  the  fraction 
I  over  r  appears  in  these  formulae  in  the  second  power.  Engineers  in  their 
employment  followed  each  other  like  a  flock  of  sheep  till  in  1886  Edwin 
Thacher,  the  well  known  bridge  engineer,  plotted  all  the  reliable  records 
of  ultimate  strength  of  wrought  iron  columns,  within  practical  working 
limits,  upon  a  diagram  in  which  the  abscissas  represented  the  values  of 

—  and  the  ordinates  the  ultimate  strengths.  He  then  enclosed  the  plotted 
r 

points  by  a  curve,  which  proved  to  be  approximately  an  ellipse,  through 
which  he  drew  the  major  axis  and  adopted  it  for  the  average  ultimate 
strength  of  wrought  iron  columns.  He  made  separate  plots  for  various 
conditions  of  the  column  ends,  and  found  in  each  case  that  a  right  line 
formula  gave  the  best  possible  average.  Then  by  dividing  by  the  usual 
factor  of  safety  he  obtained  formulae  and  diagrams  for  intensities  of  working 
stresses. 

In  1886  he  showed  his  original  plots  to  the  author,  and  gave  him  the 
results  of  his  investigations.  Some  years  later  the  author  applied  these 
formulae  to  steel  columns  by  assuming  a  properly  proportionate  increase 
in  strength.  Still  later  he  modified  them  so  as  to  provide  for  the  inclu- 
sion of  impact,  and  published  the  results  in  De  Pontibus,  from  which  they 
have  been  taken  for  this  treatise  with  certain  further  modifications  in 
order  to  be  in  line  with  the  trend  of  modern  practice,  which  very  properly 
favors  simplification. 

One  important  effect  of  Thacher's  investigation  was  to  inaugurate  the 
custom  of  stressing  short  columns  much  higher  than  formerly  and  long 
ones  somewhat  less,  thus  giving  metal  in  compression  its  proper  status 
and  increasing  the  rigidity  of  trusses  by  stiffening  the  light  compression 
members  of  the  webs.  The  right-line  formula  for  compression  members 
during  the  last  twenty  (20)  years  has  become  quite  popular;  but  many 
specifications  still  adhere  to  some  modification  of  Gordon's  formula,  in- 
volving the  square  of  — .  This  is  due  to  the  preference  of  certain  engineers 
r 

for  using  so  called  rational  formulae,  notwithstanding  the  facts  that  they  are 
much  harder  to  employ  when  no  tables  are  at  hand,  and  that  it  is  almost 
universally  conceded  that  they  are  no  more  correct  than  those    of   the 
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simpler  form.  Much  has  boon  written  on  cohmm  f<-rmul;ie,  and  mucii  valu- 
able gray  matter  has  been  expended  uselessly  on  the  subject.  Probably  the 
most  thorough  of  all  the  papers  ever  prepared  on  the  question  is  that  of 
Mr.  J.  M.  MoncriofT,  which  was  published  in  the  Transactions  of  the 
American  Society  of  Civil  Engineers  for  1900.  If,  however,  one  will 
examine  those  of  his  diagrams  which  contain  numerous  plotted  strengths 

^^^thin  working  limits  of  — ,  and  m  each  thereof  ^vill  circum'scribe  these 

r 

points  by  a  curve,  as  Thacher  did,  he  will  find  that  the  right-line  formula 
■snll  apply  very  satisfactorily  to  every  case. 

Why  bridge  designers  for  so  many  years  stressed  metal  in  tension 
twenty-five  per  cent  higher  than  in  compression  on  short  blocks  is  diffi- 
cult to  understand;  for  early  experiments  showed  clearly  that  the  ulti- 
mate strength  and  the  elastic  limit  of  both  iron  and  steel  are  greater  in 
short  compression  members,  where  the  column  effect  is  practically  nil, 
than  they  are  in  tension  members.  Instead  of  the  intensity  for  compres- 
sion being  specified  lower  than  for  tension,  it  really  should  have  been 
made  somewhat  higher.  The  Quebec  Bridge  disaster,  which,  it  is  gen- 
erally acknowledged,  was  due  to  the  failure  of  a  compression  member, 
has  caused  some  engineers  to  think  that  compression  membere  in  all 
bridges  have  been  stressed  too  high,  but  such  is  not  the  case,  as  that 
accident  was  due  to  faulty  proportioning  of  section  and  to  entirely  in- 
adequate lacing,  and  not  to  the  abnormally  high  intensity  of  working  stress 
for  compression,  although  it  is  true  that  the  reduction  of  strength  because 

of  —  was  ignored  and  that  the  dead  load  used  was  far  too  small,  thus  mak- 

r 

ing  the  actual  intensities  of  working  stresses  improperly  high.  In  the 
author's  opinion,  there  is  no  reason  whatsoever  to  fear  for  the  correc- 
ness  of  modern  column  formulse,  provided  that  the  designing  and  detail- 
ing of  these  members  throughout  be  properly  done,  and  that  the  work- 
manship be  truly  first-class  in  every  essential  particular.  Some  experi- 
ments of  his  on  full-sized  columns  of  both  nickel  steel  and  carbon  steel 
prove  this.  These  experiments  were  discussed  at  length  in  Engineering 
N'ews  of  January  16,  1908;  and  the  complete  record  of  the  tests  is  given 
in  the  Transactions  of  the  American  Society  of  Civil  Engineers  for  1909. 
If  the  proper  formula  for  compression  members  with  hinged  ends  be 

C  =  16,000  -  80  — , 
r 

theoretically  that  for  those  with   fixed   ends  should   be   C  =  16,000  — 

4(»  — ,  because  in  the  latter  case  the  length  of  column  between  points  of 

centra-flexure  is  only  one-half  of  that  in  the  former;  but  practically  the 
effect  of  some  secondary  stress  must  be  considered.     The  amount  thereof, 
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though  not  perfectly  determinate,  is  known  to  be  small;  hence  the  author 
has  assumed  as  a  compromise  a  coefficient  for  I  over  r  for  fixed  ends  which 
is  an  arithmetical  mean  between  that  adopted  for  hinged  ends  and  the 
corresponding  theoretical  one  for  fLxed  ends,  viz.,  sixty  (60).  In  writing 
the  specifications  of  De  Pontibus  he  must  have  done  this  instinctively  for 

web  struts,  because  he  adopted  therefor  C  =  16,000  —  60  —  for  fixed  ends 

r 

and  C  =  16,000  —  80  —  for  hinged  ends,  which  formulae  he  now  sees  no 
r 

good  object  in  changing.  His  reason  for  lowering  the  constant  of  the 
formulse  for  chords  and  inclined  end  posts  from  eighteen  thousand  (18,000) 
to  sixteen  thousand  (16,000)  is  mainly  because  the  medium  carbon  steel 
furnished  by  the  rolling  mills  to-day  is  somewhat  softer  than  it  used  to 
be  fifteen  or  twenty  years  ago;  but  he  has  also  been  influenced  somewhat 
by  the  existing  general  tendency  of  American  bridge  specialists  to  reduce 
the  old  compression  intensities.  For  the  web  members  he  has  made  no 
change  in  the  constant,  because  subsequent  experience  has  convinced  him 
that  the  differences  in  strut  intensities  between  chords  and  webs,  as  given 
in  De  Pontibus,  are  unnecessary. 

As  mentioned  before  incidentally,  certain  standard  specifications,  in 
order  to  provide  for  impact  and  possibly  also  for  other  considerations, 
stress  the  metal  a  certain  amount  for  dead  load  and  one-half  thereof  for 
live  load,  irrespective  of  the  length  of  span  or  the  kind  of  member.  This 
is  a  most  unscientific  method;  and  a  little  consideration  will  show  that 
it  is  incorrect,  because  if  it  is  proper  for  a  beam  hanger  or  a  hip  vertical 
where  the  shock  is  great,  it  certainly  would  be  incorrect  for  a  bottom 
chord,  upon  which  the  shock  is  comparatively  small.  Both  theory  and 
experiments  have  proved  that  a  sudden,  or  rather  instantly-applied,  load 
produces  just  twice  the  distortion  on  any  elastic  material  that  the  same 
load  does  when  applied  statically;  but  no  member  of  a  bridge  receives 
its  greatest  load  absolutely  instantly;  hence  it  is  incorrect  in  proportion- 
ing bridge  members  invariably  to  stress  the  metal  only  one-half  as  much 
for  live  load  as  for  dead  load. 

If  one  were  to  read  a  number  of  the  bridge  specifications  that  are 
considered  standard  in  America,  he  would  be  struck  by  the  great  diver- 
sity of  intensities  of  working  stresses;  for,  in  truth,  no  two  such  speci- 
fications agree  iti  toto  on  this  question,  and  many  of  them  differ  widely. 
The  principal  reasons  for  this  divergence  of  opinion  are  as  follows: 

First.  There  is  quite  a  difference  in  the  strength  of  the  metal  speci- 
fied, some  using  soft  steel  having  an  ultimate  strength  of  between  fifty 
thousand  (50,000)  and  sixty  thousand  (60,000)  pounds  per  square  inch, 
others  preferring  medium  steel  with  an  ultimate  strength  from  sixt}' 
thousand  (60,000)  to  seventy  thousand  (70,000)  pounds  per  square  inch, 
and  still  others  striking  a  mean  by  adopting  metal  having  an  average 
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ultimate  stronp;th  of  sixty  thousand  (GO.OOO)  pounds  per  square  inch,  or 
a  trifle  more.  As  exi^ained  in  ('hapter  III,  the  manufacturers,  for  purely 
commercial  reasons,  prefer  to  furnish  such  metal,  and  they  influence  many 
engineers  to  adopt  it  in  their  specifications. 

Second.  The  use  or  the  non-use  of  the  impact  method  of  designing 
makes  a  great  difference  in  the  intensities  employed;  and,  moreover,  as 
engineers  have  not  yet  agreed  concerning  the  proper  allowances  for  im- 
pact, the  intensities  they  specify  when  it  is  included  will  differ  materially, 
especially  as  they  all  appear  to  aim  at  practically  the  same  ultimate 
result,  for  when  the  impact  allowance  is  great  the  intensities  are  usually 
taken  high,  and  vice  versa. 

Third.  As  before  stated,  some  railways  continue  to  specify  one  in- 
tensity for  live  loads  and  another  much  greater  for  dead  loads,  and  this 
still  further  complicates  the  matter. 

Fourth.  As  previously  mentioned,  some  engineers  prefer  to  anticipate 
the  future  by  lowering  the  intensities  of  working  stresses  instead  of  speci- 
fying greater  loads  than  those  at  present  in  use  on  railroads. 

Fifth.  Finally,  the  personal  equation  of  the  specification  writer  causes 
variations  in  intensities,  sometimes  large  but  generally  small;  and  this  is 
unavoidable,  for  there  are  still  many  things  of  importance  to  learn  con- 
cerning both  the  characteristics  of  the  manufactured  metal  and  the  action 
of  bridge  members  under  rapidly  moving  loads. 

The  intensities  of  working  stresses  adopted  in  the  specifications  of 
this  treatise  for  medium  and  rivet  carbon  steels,  as  given  in  Chapter 
LXXVni,  are  as  follows: 

Tension  on  gross  sections  of  eye-bars  and  reinforcing  bars,  on 
net  sections  of  all  built  members,  and  on  net  sections  of 
flanges  of  all  b^ams 16,000  lbs. 

Bending  on  pins 27,000  lbs. 

Bearing  on  pins 22,000  lbs. 

Bearing  on  shop  rivets 20,000  lbs. 

Bearing  on  end  stiffeners  of  plate-girders 16,000  lbs. 

Shear  on  pins 15,000  lbs. 

Shear  on  shop  rivets 10,000  lbs. 

Shear  on  plate-girder  webs,  gross  section 10,000  lbs. 

Bearing  on  expansion  rollers,  in  pounds, 600  d, 

where  d  is  the  diameter  of  the  roller  in  inches. 

For  field-rivets  the  intensities  for  bearing  and  shear  are  to  be  reduced 

twenty  (20)  per  cent. 

Turned  bolts  \vith  driving  fit  are  to  be  stressed  the  same  as  field  rivets. 

^   I 
Compression,  in  pounds,  on  struts  with  fixed  ends....  16,000  —  60  — 

I 

Compression,  in  pounds,  on  struts  with  hinged  ends....  16,000  —  80  — 
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In  these  compression  formulae  I  is  the  unsupported  length  of  the  strut 
in  inches  and  r  is  its  least  radius  of  gyration  in  inches. 

The  intensities  for  working  stresses  adopted  in  the  specifications  for 
nickel  steel,  as  given  in  Chapter  LXXVIII,  are  the  following.  They  have 
been  established  on  the  basis  that  the  least  allowable  elastic  limit  in  speci- 
men tests  is  55,000  lbs.  per  square  inch  for  plate-and-shape  steel  and 
60,000  pounds  for  eye-bar  steel.  In  case  that  a  still  higher  grade  of  nickel 
steel  is  procurable  (as  it  certainly  should  be),  all  the  intensities,  except- 
ing those  for  rivets,  are  to  be  multiplied  by  the  ratio  of  the  higher  elastic 
limit  to  55,000  or  60,000,  according  to  the  character  of  the  steel  under 
consideration. 

Tension  on  gross  sections  of  eye-bars, 28,000  lbs. 

Tension  on  net  sections  of  all  built  members,  and  on 

net  sections  of  flanges  of  all  beams 26,000  lbs. 

Bending  on  pins 45,000  lbs. 

Bearing  on  pins 35,000  lbs. 

Bearing  on  shop  rivets 30,000  lbs. 

Bearing  on  end  stiffeners  of  plate-girders 26,000  lbs. 

Shear  on  pins 23,000  lbs. 

Shear  on  shop  rivets 14,000  lbs. 

Shear  on  plate-girder  webs,  gross  section, 16,000  lbs. 

Bearing  on  expansion  rollers,  in  pounds, 900  d, 

where  d  is  the  diameter  of  the  roller  in  inches. 
For  field  rivets  and  turned  bolts  with  driving  fit  the  intensities  for 
bearing  and  shear  are  to  be  twenty  (20)  per  cent  less  than  those  for  shop 
rivets. 

Compression,  in  pounds,  on  struts  with  fixed  ends.... 26,000  — 110  — 

Compression,  in  pounds,  on  struts  with  hinged  ends.... 26, 000— 150  — 

In  these  compression  formulae,  as  before,  I  is  the  unsupported  length 
of  strut  in  inches  and  r  its  least  radius  of  gyration  in  inches. 

The  preceding  figures  are  for  total  equivalent  static  loads  without 
wind  loads  added;  but  when  the  latter  are  also  included  the  said  figures 
are  to  be  increased  thirty  (30)  per  cent.  Members  of  lateral  systems  which 
are  subjected  to  wind  loads  alone  are  stressed  only  as  high  as  truss  mem- 
bers for  equivalent  static  loads,  excluding  wind.  Objection  has  been 
raised  to  this  on  the  plea  that  bridges  are  seldom,  if  ever,  subjected  to  the 
full  wind  loads  specified,  and  that  therefore  the  intensities  for  members  of 
lateral  systems  should  be  higher — possibly  as  high  as  for  the  combina- 
tion of  all  stresses  including  wind  loads.  The  author  has  kept  down  the 
intensities  for  wind  stresses  for  the  following  reasons: 

First.  As  modern  lateral  systems  have  rigid  intersecting  diagonals, 
there  is  some  ambiguity  in  the  division  of  loads  between  them,  which 
ambiguity  is  never  considered. 
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Second.  All  tho  diagonals  of  inodorn  lateral  systems  are  liable  to  be 
subjected  to  stresses  oi"  either  t(>nsion  or  compression,  and  this  reversion 
of  stress  is  universally  ignored,  because  with  rare  exceptions  there  are 
long  intervals  between  reversals  of  great  magnitud(\ 

Third.  The  attainment  of  greatest  possible  stresses  in  lateral  members 
is  much  more  likely  than  that  of  the  greatest  possible  combination  of 
total  stresses,  including  wind,  u])on  truss  members. 

Fourth.  Keeping  the  intensities  fairly  low  for  members  of  lateral 
systems  increases  rigidity  by  preventing  the  adoption  of  very  small  sec- 
tions. It  is  possible  that  in  spans  of  great  length,  in  which  the  lateral 
diagonals  become  heavy^,  it  would  be  permissible  to  stress  the  larger  ones 
somewhat  more  than  the  specifications  permit;  but  this  should  not  be 
done  without  giving  the  question  serious  consideration. 

All  of  these  figures  for  intensities  of  working  stresses  were  arrived,  at 
after  great  deliberation  and  after  a  study  of  all  the  principal  bridge  speci- 
fications in  use.  They  represent  the  author's  convictions  as  to  what  is 
best  when  everything  is  considered;  and  an  examination  of  other  speci- 
fications sh'ows  that  the  practice  of  most  scientific  bridge  engineers  is  in 
the  main  closety  in  accord  with  them,  after  due  account  is  taken  of  the 
difTermg  allowances  for  impact. 

For  the  various  kinds  of  timber  used  ordinarily  in  bridge  construction 
the  intensities  of  working  stress  in  bending  on  the  extreme  fibres  are 
taken  as  follows,  the  proper  impact  being  added  to  the  live  load  stresses: 

Long-leaf,  Southern  yellow  pine 2,000  lbs. 

Douglas  fir  or  Pacific  Coast  cedar 1,900  lbs. 

White  oak 1,800  lbs. 

Cypress 1,700  lbs. 

Short-leaf  yellow  pine 1,600  lbs. 

These  figures  differ  a  little  from  those  given  in  Chapter  LXXVIII, 
the  latter  being  for  two  general  classes  of  timber,  while  the  former 
differentiate  between  the  various  kinds. 

In  addition  to  the  preceding,  the  specifications  give  the  following 
intensities  of  working  loads  or  permissible  pressures  per  square  inch  on 
the  various  substructure  materials,  when  impact  is  included  in  the  total 
loads. 

Ordinarily  good  sandstone 200  lbs. 

Yellow  pine  or  oak  on  flat 250  lbs. 

Extra  good  sandstone  (not  metamorphic) 300  lbs. 

Hard  brick  laid  in  Portland  cement 350  lbs. 

Ordinarily  good  limestone 400  lbs. 

Portland  cement  concrete 500  lbs. 

Extra  good  limestone 550  lbs. 

Granitoid 600  lbs. 

Metamorphic  sandstone  of  best  quality 650  lbs. 

Granite 800  lbs. 
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The  greatest  allowable  intensity  of  compressive  stress  in  reinforced 
concrete  beams  is  600  pounds;  and  where  two  compressions  at  right 
angles  (or  inclined)  to  each  other  exist  simultaneously,  their  resultant 
must  be  found  before  the  intensity  is  applied.  Or,  mor€  strictly  speaking, 
after  the  girder  is  proportioned  on  trial  the  two  compressive  intensities  at 
right  angles  (or  inclined)  to  each  other  are  to  be  figured  and  their  resultant 
found.  It  should  not  exceed  the  limit  just  specified;  nor,  for  economy, 
should  it  be  much  less. 

The  author  deems  it  advisable  to  give  here  a  statement  of  his  reasons 
for  adopting  some  of  the  various  preceding  intensities  and  to  explain 
why  certain  ones  differ  from  others  for  members  of  a  similar  character. 

The  intensity  for  bending  on  pins  is  much  larger  than  any  of  the 
other  steel  intensities,  because  experiments  have  shown  that  rounds  de- 
velop very  high  resistance  in  bending.  Again,  the  figured  bending  on  a 
pin  is  probably  seldom  attained,  because  the  connected  members  so  ad- 
just themselves  under  load  that  the  pin-bending  is  eased,  although  this 
can  be  done  only  by  disturbing  the  equality  of  stress  distribution  on  the 
said  connected  members  and  thus  stressing  some  of  them  unduly  high. 

The  intensity  for  bearing  on  pins  could  probably  be  raised  some  two 
thousand  (2,000)  pounds  without  violating  the  principle  adopted  in  the 
designing  of  the  celebrated  "one-horse  shay";  but  custom  has  decreed 
that  the  bearing  intensity  should  not  be  more  than  forty  (40)  per  cent 
greater  than  the  tension  intensity. 

Strictly  speaking,  the  bearing  intensity  for  rivets  should  bear  about 
the  same  proportion  to  Lhat  for  pins  as  the  ultimate  strength  of  rivet 
steel  does  to  that  of  medium  steel,  or  as  fifty-five  (55)  is  to  sixty-five  (65), 
which  would  make  it  about  eighteen  thousand  six  hundred  (18,600) 
pounds;  but,  in  reality,  the  most  common  ratio  of  ultimate  strengths  of 
rivet  steel  and  medium  steel  is  more  nearly  equal  to  ^%2,  which  would 
make  the  intensity  for  rivets  about  nineteen  thousand  five  hundred  (19,- 
500)  pounds.  This  agrees  closely  enough  with,  the  twenty  thousand 
(20,000)  pounds  allowed  in  the  author's  specifications. 

The  permissible  shear  on  pins  may  appear  abnormally  high  as  com- 
pared with  that  on  rivets,  but  it  is  practically  a  negligible  consideration, 
because  any  pin  which  is  large  enough  for  bending  and  bearing  will  qualify 
for  shear;  besides,  the  general  custom  of  American  bridge  engineers  of 
late  has  been  to  allow  fifteen  thousand  (15,000)  pounds  for  this  intensity. 
Perhaps  the  shear  on  rivets  has  been  made  too  small.  In  the  first  edition 
of  De  Pontibus  the  intensity  specified  was  twelve  thousand  (12,000)  pounds; 
but  in  the  second  edition  tliis  was  changed  to  ten  thousand  (10,000)  pounds 
on  account  of  the  prevalence  of  the  practice  of  using  very  soft  steel  for 
rivets.  The  reduction  of  twenty  (20)  per  cent  in  the  intensities  for  field 
riveting  is  about  right  when  the  rivets  are  driven  by  hand,  but  it  is  too 
great  for  those  driven  by  pneumatic  power.  However,  the  author  does 
not  believe  that  the  proper  time  has  yet  arrived  for  making  a  change  in 
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this  requirement,  as  there  are  still  a  groat  many  fiel.d  rivets  being  driven 
in  the  old-fasiiionotl  way. 

The  tension  allowed  on  the  extreme  fibres  of  timber  beams  may,  at 
first  thought,  appear  abnormally  high;  but  it  must  be  remembered  that 
this  applies  mauily  to  the  floor  ties  of  railroad  bridges  on  which  the  im- 
pact allowance  is  over  one  hundred  (100)  per  cent.  Specifications  in 
which  impact  is  not  provided  for  give  this  intensity  from  one  thousand 
(1,000)  to  twelve  hundred  (1200)  pounds. 

The  iKTinissible  pressures  per  square  inch  on  the  various  kinds  of 
masoiu-y  have  been  determined  both  by  the  author's  experience  and  by 
the  practice  of  other  engineers.  They  may  appear  to  some  engineers  to 
be  liigh,  but  it  must  be  remembered  that  they  are  to  be  applied  only  to 
total  loads  which  include  an  allowance  for  impact.  Moreover,  they  are 
adjusted  for  stone  and  concrete  of  first-class  quahty  and  not  for  the  in- 
ferior materials  which  are  too  often  used  in  bridgework  that  is  done  with- 
out proper  engineering  supervision. 

The  numerous  references  in  this  chapter  to  the  ultimate  strength  of 
metal  might  lead  one  to  suppose  that  it  is  the  sole  criterion  adopted  in 
determining  intensities  of  working  stresses;  but  such  is  by  no  means 
the  case,  for  the  true  criterion  is  the  elastic  hmit.  It  was  used  thus — 
the  intensity  for  the  ordinary  combination  of  stresses,  excluding  those  due 
to  wind,  was  made  about  one-half  of  the  minimum  elastic  limit  that  is 
allowed  in  the  specifications,  and  the  combination  including  wind  was 
permitted  to  stress  the  metal  thirty  (30)  per  cent  higher.  But  as  the 
elastic  limit  generally  runs  some  five  thousand  (5,000)  pounds  or  more 
per  square  inch  above  the  minimum  allowable,  and  as  the  combination 
of  dead  load  and  the  greatest  specified  live,  impact,  and  wind  loads  is 
almost  an  impossibility,  it  is  evident  that  the  metal  will  rarely,  if  ever, 
be  stressed  higher  than  one-half  of  the  elastic  limit.  On  the  other  hand, 
it  must  not  be  forgotten  that  the  elastic  limit  of  the  specifications  is  that 
of  commerce,  as  determined  rather  quickly  by  the  drop  of  the  beam, 
and  that  the  true  elastic  limit  is  usually  at  least  two  thousand  (2,000) 
pounds  per  square  inch  lower;  and  also  that  the  effects  of  secondary 
stresses  are  usually  ignored  in  bridge  designing. 

In  the  case  of  reversing  stresses  the  author  prefers  to  make  arbitrary 
combinations  of  the  opposite  stresses  and  adhere  to  the  usual  intensities 
rather  than  to  provide  separate  intensities  for  the  sum  of  the  two  stresses. 
But  for  those  unusual  combinations  of  stresses  into  w^hich  the  theory  of 
probabilities  enters,  as  explained  in  the  preceding  chapter,  he  prefers  to 
increase  the  estabhshed  intensities  by  certain  percentages. 

Just  as  the  first  of  the  manuscript  of  this  book  was  about  to  be  sent 
to  the  printer,  the  author's  attention  was  called  to  a  description  of  the 
Metropohs  Bridge  over  the  Ohio  River  on  the  line  of  the  Chicago,  Bur- 
lington, and  Quincy  Railway,  published  in  Engineering  News  of  July  29, 
1915,  the  assumed  point  of  main  interest  being  the  use  of  silicon  steel 
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for  the  built  members  of  the  trusses.  There  is  another  feature  of  this 
design,  though,  which,  in  the  author's  opinion,  is  of  even  more  impor- 
tance than  the  employment  of  a  new  alloy  of  steel,  viz.,  the  striking  vari- 
ation from  adopted  practice  in  the  assumption  of  live  loads  and  unit 
stresses.  The  hve  load  was  taken  about  twenty-eight  per  cent  larger 
than  any  hitherto  specified  in  bridge  construction;  but,  on  the  other 
hand,  the  impact  allowances  are  lower  than  those  which  are  known  ac- 
tually to  exist,  and  the  metal  is  stressed  about  twenty-five  per  cent  higher 
than  the  standard  present  practice  allows.  Such  befogging  of  verity  in 
engineering  work  is  to  be  deplored.  Its  effect,  to  say  the  least,  is  bewil- 
dering and  far  from  conducive  to  a  true  valuation  of  the  capacity  of  the 
structure.  Here  can  be  effectively  applied  the  old  proverb,  "Two  wrongs 
do  not  make  one  right."  When  one  hears  that  the  live  load  adopted 
corresponds  to  what  might  be  called  Cooper's  Class  E  90,  he  will  have 
altogether  too  high  an  opinion  of  the  carrying  capacity  of  the  bridge,  un- 
less at  the  same  time  he  is  told  that  the  metal  is  stressed  fully  twenty- 
five  per  cent  higher  than  good  practice  permits.  On  the  other  hand, 
should  one  learn  that  in  the  design  unit  stresses  up  to  two-thirds  of  the 
elastic  limit  had  been  adopted,  he  would  consider  the  structure  unsafe, 
if  he  did  not  know  about  the  enormous  assumed  live  load.  The  author 
begs  to  close  this  chapter  with  the  emphatic  statement  that  the  only 
proper  way  to  design  a  bridge  to  meet  future  requirements  is  to  assume 
a  live  load  as  great  as  one  thinks  can  ever  come  upon  the  structure,  make 
impact  allowances  that  are  in  accord  with  the  professional  knowledge 
of  the  times,  acquired  by  the  latest  and  best  experiments,  and  stress  the 
metal  up  to  one-half  of  its  elastic  limit. 


CHAPTER  XV 

FIRST   PRINCIPLES   OF   DESIGNING 

Both  tho  student  and  the  jiractitioner  in  bridge-designing  will  do  well 
to  recognize  and  bear  constantly'  in  mind  certain  first  principles  of  design; 
and  to  enable  them  to  do  so,  the  author  offers  the  following,  which  he 
considiTS  will  cover  the  esscnitial  fundamental  principles  that  should  gov- 
ern the  designing  of  all  structural  metal-work.  Most  of  these  will  be  re- 
peated in  the  "General  Specifications"  given  in  Chapter  LXXVIII,  under 
the  heading,  "General  Principles  in  Designing  all  Structures,"  for  the 
reason  that  the  said  specifications  would  be  incomplete  without  them. 

The  reason  for  this  special  chapter  being  devoted  exclusively  to  these 
general  principles  is  that  the  subject  is  of  the  utmost  importance,  and 
needs  much  more  elaboration  than  could  properly  be  given  it  in  speci- 
fications. On  this  account  the  statement  of  each  principle  herein  will 
generally  be  followed  by  remarks  of  an  explanatory  nature  giving  its 
raison  d'etre  or  application.  It  is  to  be  noticed  that  the  numbering  does 
not  agree  with  that  of  the  "General  Principles"  in  Chapter  LXXVIII. 

The  attention  of  the  reader  is  called  to  the  fact  that  this  chapter  is 
by  far  the  most  important  one  in  the  book,  in  that  it  contains  in  a  con- 
centrated form  the  most  important  conclusions  drawn  from  the  author's 
entire  experience  in  his  chosen  specialty.  The  principles  given  have  been 
established  mainly  by  observation  o^  the  mistakes  of  others,  and  in  a 
few  cases,  it  must  be  confessed,  by  those  of  his  own.  Few  designers  care 
to  make  public  their  errors  for  fear  of  the  result  being  to  their  disadvan- 
tage; nevertheless  far  more  is  learned  from  the  mistakes  of  construction 
than  is  discovered  in  any  other  way.  The  author  would  therefore  sug- 
gest to  the  reader  that  he  peruse  this  chapter  carefully  more  than  once. 

Principle  1 

Simplicity  is  One  of  the  Highest  Attributes  of  Good  Designing. 

It  is  generally  by  means  of  a  wide  experience  only  that  the  young 
bridge  engineer  learns  the  truth  of  this  assertion;  but  the  older  he  grows 
and  the  more  knowledge  he  acquires  the  more  convinced  does  he  become 
that  simphcity,  not  only  in  design  but  also  in  methods  of  execution  of 
work,  is  one  of  the  most  important  desiderata.  Other  things  being  equal, 
that  design  which  is  the  most  simple,  or  contains  the  fewest  parts,  or  in- 
volves the  easiest  connections,  is  the  one  which  will  be  preferred  by  com- 
petent judges. 
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Principle  II 
The  Easiest  Way's  the  Best. 

Although  this  principle  was  not  enunciated  originally  in  relation  to 
structural  work,  it  nevertheless  applies  to  it  just  as  well,  for  the  most 
successful  engineer  is  he  who  in  a  given  time  can  accomplish  in  a  satis- 
factory manner  the  greatest  amount  of  work.  This  he  can  do  only  by 
the  use  of  every  labor-saving  device  of  real  value,  by  systematizing  to 
the  greatest  practicable  extent  all  that  he  does,  and  by  making  a  thorough 
study  of  true  economy  of  time  and  labor. 

Principle  III 

The  Systemization  of  All  that  One  Does  in  Connection  with  His  Professional 
Work  is  One  of  the  Most  Important  Steps  that  can  be  Token  Toward 
the  Attainment  of  Success. 

Nor  is  this  by  any  means  all  that  can  be  said  in  f-avor  of  establishing 
a  thorough  system  of  doing  work;  because,  in  the  first  place,  such  a  sys- 
tem enables  one  to  accomplish  a  great  deal  in  a  very  short  time,  and, 
in  the  second  place,  it  is  a  subject  of  the  deepest  satisfaction  and  grati- 
fication to  the  man  by  whom  it  was  evolved. 

Principle  IV 

There  is  an  Inherent  Sense  of  Fitness  in  the  Mind  of  a  Well-Trained  and 
Well-Balanced  Designer,  which  Sense  of  Fitness  is  of  the  Greatest 
Importance  in  all  that  He  Does. 

It  is  this  sense  of  fitness  which  enables  him  often,  when  inspecting  the 
work  of  other  designers,  to  see  at  a  glance  faults  and  flaws  that  would 
escape  the  observation  of  an  untrained  man.  This  faculty  of  rapid  and 
correct  judgment  is  one  which  can  be  developed,  and  one  that  should  re- 
ceive constant  attention  throughout  an  engineer's  entire  career.  It  is  of 
special  value  in  an  office  which  employs  a  large  number  of  draftsmen  and 
computers,  all  of  whose  work  has  to  be  checked  by  the  head  of  the  office 
or  by  a  reliable  assistant.  Nor  is  it  only  in  connection  with  the  work  of 
others  that  this  faculty  is  valuable,  for  it  is  often  serviceable  to  an  engi- 
neer on  his  own  personal  work,  perhaps  even  without  his  being  conscious 
thereof,  saving  him  from  making  errors  which  pure  theory  might  not 
enable  him  to  detect,  or  which  the  authorities  in  his  line  have  not  yet 
recognized  as  errors.  An  example  of  this  occurred  some  years  ago  in  the 
author's  practice  which  will  serve  to  illustrate  the  point. 

In  proportioning  reinforcing  plates  at  pin-holes,  especially  for  hinged 
ends,  the  author  had  made  a  practice  of  instructing  his  draftsmen  to  ex- 
tend these  plates  considerably  beyond  the  length  required  by  the  theo- 
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retical  number  of  rivets  necessary  for  the  connection,  without  his  })oinp; 
able  to  give  any  valid  or  scientific  reason  for  so  doing.  By  some  experi- 
ments made  later  upon  the  ultimate  strength  of  certain  columns  with 
hinged  ends,  the  results  of  wnich  were  published  in  the  Transactions  of 
the  Engineers'  Society  of  Western  Pemisjdvania,  Thomas  H.  Johnson 
showed  that  such  pin-plates,  unless  extended  beyond  tho  length  required 
by  the  theoretica'  number  of  rivets,  fail  before  the  full  strength  of  the 
compression  member  is  developed. 

Principle  V 

There  are  No  Bridge  Specifications  Yet  Written,  and  there  Probably  Never 
Will  be  Any,  which  will  Enable  an  Enghieer  to  Make  a  Complete 
Design  for  an  Imporiant  Bridge  without  Using  His  Judgment  to  Settle 
Many  Points  which  the  Specifications  Do  Not  thoroughly  Cover;  or  as 
Theodore  Cooper  Puts  It:  "  The  most  Perfect  System  of  Rules  to  Insure 
Success  Must  be  Interpreted  upon  the  Broad  Grounds  of  Professional 
Intelligence  and  Common  Sense." 

At  first  thought  one  might  conclude  that  this  speaks  badly  for  modern 
standard  bridge  specifications,  and  to  a  certain  limited  extent  he  would 
be  right;  for  while  it  is  quite  true  that  railway-bridge  specifications  gen- 
erally fail  ta  cover  the  entire  ground  of  ordinary  bridge-designing  at  all 
adequately,  or  nearly  as  thoroughly  as  they  might  readily  be  made  to  do, 
nevertheless  it  is  also  true  that  the  science  of  bridge-designing  is  such 
a  profound  and  intricate  one  that  it  is  absolutely  impossible  in  any  speci- 
fication to  cover  the  entire  field  and  to  make  rules  governing  the  scientific 
proportioning  of  all  parts  of  all  structures. 

The  author,  however,  has  done  his  best  in  Chapter  LXXVIII  of  this 
treatise  to  render  the  last  statement  incorrect. 

Principle  VI 

In  Every  Detail  of  Bridge-Designing  the  Principles  of  True  Economy  Must 
be  Applied  by  Every  One  who  desires  to  be  a  Successful  Bridge  Engineer. 

This  subject  is  such  an  important  one  that  to  its  consideration  a  whole 
chapter  has  been  devoted. 

Principle  VTI 

In  Bridge-Designing  Rigidity  is  Quite  as  Important  an  Element  as  is 
Mere  Strength. 

In  fact,  each  of  these  properties  is  dependent  upon  the  other,  because 
if  a  structure  be  amply  proportioned  in  its  main  members  for  the  assumed 
loads,  but  improperly  swaj'^-braced,  the  actual  dynamic  stresses  will  be 
greatly  in  excess  of  the  live-load  stresses  provided  for,  and  the  metal 
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will  be  overstressed  in  consequence;  while,  on  the  other  hand,  if  rigidity 
be  provided  for  by  ample  sway-bracing,  but  at  the  same  time  the  main 
members  of  the  structure  be  not  adequately  proportioned,  the  overstressed 
metal  of  the  latter  will  cause  vibration  to  be  set  up  in  spite  of  the  suffi- 
ciency of  sway-bracing.  Both  of  these  faults  are  to  be  found  in  existing 
structures.  The  effect  of  the  first  fault  is  usually  the  gradual  wearing 
out  of  the  structure  by  impact  and  rack,  and  that  of  the  second  the  sud- 
den collapse  of  the  bridge  without  previous  warning. 

Principle  VIII 
The  Strength  of  a  Structure  is  Measured  by  the  Strength  of  its  Weakest  Part. 

This  statement  is  as  old  as  the  hills,  but  is  just  as  vaUd  today  as  it 
ever  was.  The  ignoring  of  its  prime  importance  is  constantly  the  source 
of  waste  of  metal  in  structures,  fundamentally  weak  in  certain  portions, 
by  increasing  the  weights  of  other  portions,  and  thus  adding  to  the  total 
load  that  the  weak  parts  have  to  carry. 

Principle  IX 

In  Bridge-Designing  Provision  Must  Always  he  Made  for  the  Effect  of  Im- 
pact,  either  by  Increasing  the  Calculated  Total  Stresses  by  a  Varying 
Percentage  of  the  Live-Load  Stresses,  or  by  Decreasing  the  Intensities 
of  Working  Stresses  below  those  Allowed  for  Statically  Applied  Loads. 

Different  specifications  accomplish  this  result  differently,  but  the 
former  method  is  undoubtedly  the  more  scientific  and  rational  one. 

Principle  X 

In  Making  the  General  Layout  of  any  Structure,  Due  Attention  Should  be 
Given  to  the  Architectural  Effect,  even  if  the  Result  be  to  Increase  the 
Cost  Somewhat. 

There  is  no  feature  of  bridge-designing  which  has  been  ignored  in 
America  to  such  an  extent  as  has  this;  and  it  is  only  of  late  years  that 
even  a  few  American  engineers  have  paid  any  attention  whatsoever  to 
aesthetics  in  that  branch  of  engineering.  The  subject  is  such  an  important 
one  that  to  its  consideration  an  entire  chapter  of  this  book  has  been  specially 
devoted. 

Principle  XI 

For  the  Sake  of  Uniformity,  and  to  Conform  to  the  Unwritten  Laws  of  Fitness, 
It  Is  Often  Necessary  in  Bridge-Designing  to  Employ  Metal  which  Is  Not 
Really  Needed  for  either  Strength  or  Rigidity. 

The  designer  who  recognizes  this  fact  will  usually  produce  structures 
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of  fiiKT  appearance  than  the  designer  who  ignores  it  because  of  false 
notions  of  economy. 

Principle  XII 

Before  Starting   a    Design    One   Should  Obtain  Complete  Data   Therefor. 

If  he  fails  to  do  so,  he  will  generally  have  to  make  alteration  after 
alteration  as  the  work  progresses;  and,  as  one  change  usually  entails 
several  others,  it  will  result  that,  by  the  time  the  work  is  finished,  enough 
labor  will  have  been  expended  thereon  to  complete  two  such  designs  for 
which  proper  data  were  furnished  at  the  outset. 

Principle  XIII 

The  Building  of  a  Skew-Bridge  Should  Always  Be  Avoided  when  it  is 

Practicable. 

It  is  often  possible  to  square  the  crossing  either  by  swinging  the  centre 
line  or  by  lengthening  the  span  and  squaring  the  piers  or  abutments. 
Sometimes,  however,  it  is  not  practicable  to  do  either,  in  which  case  the 
engineer  must  make  the  best  of  a  bad  business.  The  objections  to  a  skew- 
bridge  are  these:  First,  it  is  fully  twice  as  troublesome  to  design  as  a  square 
structure;  second,  the  liability  to  error  in  both  shop  and  field  is  greatly 
increased  by  the  skew;  and,  third,  the  resulting  bridge  is  never  so  rigid, 
nor  is  it  so  satisfactory  in  a  number  of  other  particulars  as  a  bridge 
\\-ithout  this  objectionable  feature. 

PRINCIPLE    XIV 

The  Best  Modern  Practice  in  Bridge  Engineenng  Does  Not  Countenance  the 
Building  of  Structures  Having  More  than  a  Single  System  of  Cancella- 
tion, Except  in  Lateral  Syste77is  where  the  Resulting  Ambiguity  of  Stress 
Distribution  is  of  Minor  Importance. 

Some  engineer  may  question  the  correctness  of  this  assertion ;  but  if  he 
will  glance  through  the  author's  paper  on  "Some  Disputed  Points  in 
Railway-Bridge  Designing,"  published  in  the  February  and  March,  1892, 
number  of  the  Transactions  of  the  American  Society  of  Civil  Engineers, 
and  reproduced  in  Mr.  Harrington's  book  entitled  "Principal  Professional 
Papers,"  he  will  see  that,  as  a  whole,  the  engineering  profession  endorses 
the  statement. 

Principle  XV 

The  Employment  of  a  Redundant  Member  in  a  Truss  or  Girder  is  Never 
Allowable  under  Any  Circumstances,  unless  it  be  in  the  Mid-Panel  of 
a  Span  Having  an  Odd  Number  of  Panels,  in  Which  Case,  for  the  Sake 
of  Appearance,  Two  Stiff  Diagonals  Should  be  Used. 

The  reason  for  this  is  perfectly  clear  when  one  considers  that  it  takes 
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extra  metal  to  build  the  said  redundant  member,  and  that  its  use  upsets 
the  calculations  of  stresses,  rendering  them  in  fact  insolvable.  A  lengthy- 
treatise  was  published  some  years  ago  in  India  upon  a  method  of  finding 
stresses  in  redundant  members,  in  which  much  good  mental  energj^  was 
wasted,  for  the  entire  book  might  have  been  written  in  these  four  words: 
"Never  use  such  members."  It  is  not  often  that  an  American  engineer 
is  found  guilty  of  employing  unnecessary  pieces  in  his  designs,  but  one 
cannot  say  the  same  of  his  European  brethren. 


Principle  XVI 

The  Use  of  a  Curved  Strut  or  Tie  in  Bridge-Designing  for  the  Sake  of  Ap- 
pearance (or  for  Any  Other  Reason)  is  an  Abomination  that  Cannot 
for  an  Instant  be  Tolerated  by  a  Good  Designer. 

It  is  hardly  necessary  to  make  such  a  forcible  remark  as  this  to  Ameri- 
can engineers,  although  in  traveling  about  the  United  States  one  occasion- 
ally runs  across  a  violation  of  the  self-evident  underlying  principle  involved 
in  this  statement;  but  the  pubhshed  records  of  some  of  the  greatest 
bridges  designed  by  English  engineers  show  the  use  of  pieces  of  trusses 
so  curved  that  actually  there  is  compression  on  one  extreme  fibre  and 
tension  on  the  other.  Architectural  effect  is  undoubtedly  a  very  com- 
mendable feature  in  bridge-designing;  but  its  adoption  is  no  excuse  for 
the  violation  of  the  fundamental  principle  that  every  compression  or  ten- 
sion member  of  a  truss  or  open-webbed  girder  should  be  absolutely  straight 
from  end  to  end.  It  seems  almost  unnecessary  to  state  that  the  appear- 
ance of  curvature  can  be  obtained  by  employing  short  panels  and  making 
each  chord-length  straight  between  panel  points. 

Principle  XVII 

In  All  Structural  Metalwork,  Excepting  only  the  Machinery  for  Operating 
Movable  Parts,  no  Torsion  on  Any  Member  Should  be  Allowed  if  it 
Can  Possibly  be  Avoided;  Otherwise,  the  Greatest  Care  Must  be  Taken 
to  Provide  Ample  Strength  and  Rigidity  for  Every  Portion  of  the  Struc- 
ture Affected  by  Such  Torsion. 

It  is  not  often  that  this  question  arises;  nevertheless  it  is  sometimes 
forced  upon  the  consideration  of  the  engineer.  It  came  up  once  in  the 
author's  practice  in  the  case  where  an  elevated-railroad  exit-stairway, 
having  at  mid-height  a  landing  and  a  180-degree  turn,  had  to  be  supported 
by  a  single  column  in  order  to  comply  with  the  demands  of  adjacent 
property  owners. 
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Principle  XVIII 

The  Gravity  Axes  of  All  the  Main  Members  of  Trusses  and  Lateral  Systems 
Coming  Together  at  Any  Apex  of  a  Truss  or  Girder  Shoidd  Intersect  in 
a  Point  whenever  such  an  Arrangement  is  Practicable;  Otherwise,  the 
Greatest  Care  Must  be  Employed  to  Insure  that  All  the  Induced  Stresses 
and  Bending  Moments  Caused  by  the  Eccentricity  be  Properly  Provided 
For. 

This  is  an  important  rule  that  has  been  more  often  honored  in  the 
breach  than  in  the  observance;  in  fact,  it  is  only  lately  that  American 
bridge  designers  have  begun  to  recognize  its  importance.  Even  today 
there  are  not  built  many  ordinary  steel  highway  bridges  in  which  the 
desired  intersection  in  a  single  point  of  the  axes  of  all  members  assem- 
bling at  each  apex  is  accomplished ;  and  in  most  of  these  structures  where 
eccentricity  exists  for  want  of  such  intersection,  its  prejudicial  effects  are 
not  duly  recognized  and  provided  for. 

Principle  XIX 

Truss  Members  and  Portions  of  Truss  Members  Should  Always  be  Arranged 
in  Pairs  Symmetrically  about  the  Plane  of  the  Truss,  Except  in  the  Case 
of  Single  Members,  the  Axes  of  Which  Lie  in  the  Said  Plane  of  Truss. 

One  occasionally  sees  a  violation  of  this  principle,  especially  in  old 
bridges;  but  experience  with  structures  in  which  it  was  ignored  has  been 
such  as  to  show  most  clearly  that  this  cannot  be  done  with  impunity,  for 
the  torsion  resulting  from  eccentrically  connected  members  is  patent  even 
to  the  uninitiated. 

Principle  XX 

In  Proportioning  Main  Members  of  Bridges,  Symmetry  of  Section  about  Two 
Principal  Planes  at  Right  Angles  To  Each  Other  is  a  Desideratum  to 
be  Attained  Whenever  Practicable. 

Of  course,  in  top-chord  and  inclined  end-post  sections,  which  almost 
always  should  be  designed  with  a  cover-plate,  symmetry  about  both 
principal  planes  is  not  attainable.  The  objectionable  features  caused  by 
want  of  it,  however,  are  provided  against  by  the  next  "principle." 

Principle  XXI 

In  Both  Tension  and  Compression  Members  the  Centre  Line  of  Applied 
Stress  Must  Invariably  Coincide  with  the  Axial  Right  Line  Passing 
through  the  Centres  of  Gravity  of  all  Cross-Sections  of  the  Member  Taken 
at  Right  Angles  Thereto. 

Until  a  few  years  ago  this  important  principle  was  simply  ignored, 
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the  effect  being  that  the  allowed  intensities  of  working  stresses  were  often 
exceeded  by  from  fifty  to  one  hundred  per  cent  because  of  the  eccentricity 
thus  involved. 

Principle  XXII 

The  Principle  of  Symmetry  in  Designing  Must  be  Carried  Even  into  the 
Riveting;  and  Groups  of  Rivets  Must  be  Made  to  Balance  about  Central 
Lines  and  Central  Planes  to  as  Great  an  Extent  as  is  Practicable. 

The  violation  of  this  principle  was  exceedingly  common  not  very 
long  ago;  and  even  today,  when  checking  the  shop  drawings  of  some  of 
the  leachng  bridge-manufacturing  companies,  the  author's  assistants  have 
to  correct  occasional  departures  from  it. 

Principle  XXIII 

Unless  there  be  Some  Gopd  Constructive  Reason  Necessitating  the  Contrary, 
Every  Compression  Member  Should  be  So  Designed  That  the  Metal  is 
Kept  as  Far  from  the  Two  Principal  Axial  Planes  as  the  Rules  of 
Good  Proportioning  Will  Permit,  in  Order  to  Make  the  Radii  of  Gy- 
ration as  Large  as  Practicable.  For  Economic  Reasons  the  Two 
Principal  Radii  of  Gyration  Should  be  Made  as  Nearly  Equal  to 
Each  Other  as  the  Controlling  Conditions  Will  Allow. 

It  was  a  violation  of  this  principle  that  was  the  underlying  reason 
for  the  mistake  in  design  which  caused  the  great  Quebec  Bridge  disaster. 

Principle  XXIV 

Every  Compression  Member  Should  be  So  Well  Provided  with  Lacing  or 
Latticing  and  Stay  Plates,  that  Were  the  Piece  Tested  to  Destruction 
it  would  Fail  as  a  Whole  and  Not  by  Reason  of  the  Details.  For  Chord 
Sections  a  Continuous  Cover-Plate  Should  be  Used  Whenever  Practicable, 
and  for  Very  Large  Chord  Sections  Two  Covers  Should  be  Adopted,  One 
above  and  One  Below,  Provision  being  Made  to  Permit  Thorough  Interior 
Painting. 

Defective  latticing,  combined  with  the  violation  of  Principle  XXIII, 
was  the  mistake  in  design  referred  to  in  the  comment  on  that  "Principle." 

Principle  XXV 

In  Proportioning  Members  of  Bridges  to  Meet  Stresses  and  Combinations 
of  Stresses  it  is  Important  to  Consider  Duly  the  Quality,  Frequency, 
and  Probability  of  the  Action  of  the  Said  Stresses  or  Combinations  of 
Stresses. 

As  a  rule,  standard  specifications  take  care  fairly  well  of  this  subject; 
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nevertheless  there  will  often  occur  in  one's  practice  cases  which  they  do 
not  cover,  for  instance,  in  the  designing  of  high  trestles.  In  such  cases 
the  frequency  of  application  of  stress  should  be  considered;  because,  if  a 
certain  stress  or  combination  of  stresses  be  of  frequent  occurrence,  the 
usual  intensity  of  working  stress  should  be  adopted,  while  for  very  in- 
frequent occurrences  the  said  intensity  can,  with  perfect  safety,  be  taken 
considerably  higher.  Again,  the  probability  of  the  application  of  a  cer- 
tain load  or  loads  should  be  considered;  because  for  inevitable  loads  or 
combinations  of  loads  the  metal  should  be  stressed  as  is  usual,  while  for 
highly  improbable  loads  or  combinations  of  loads  it  is  legitimate  to  stress 
it  much  higher. 

Principle  XXVI 

In  All  Main  Members  Having  an  Excess  of  Section  above  that  Called  for  by 
the  Greatest  Combination  of  Stresses,  the  Entire  Detailing  Should  be 
Proportioned  to  Correspond  with  the  Utmost  Worki7ig  Capacity  of  the 
Member,  and  Not  Merely  for  the  Greatest  Total  Stress  to  Which  it  May 
be  Subjected.  In  this  Connection,  though,  the  Reduced  Capacity  of 
Single  Angles  Connected  by  One  Leg  only  Must  Not  be  Forgotten. 

It  is  almost  needless  to  state  that  most  engineers,  especially  those 
connected  with  contracting  companies,  will  disagree  with  the  author  on 
the  correctness  of  this  statement;  nevertheless  the  latter  has  yet  to  see 
the  first  case  where  adherence  to  the  principle  would  involve  improper, 
clumsy,  or  inappropriate  construction.  If  it  be  right,  for  any  reason, 
to  use  an  extra  amount  of  metal  in  the  section  of  a  member,  why  is  it 
not  also  right  to  design  that  member  throughout  so  that,  if  tested  to 
destruction,  it  would  fail  as  a  whole  and  not  in  a  detail?  It  seems  to  the 
author  that  the  considerations  which  require  extra  section  would  demand 
either  extra  strength  or  extra  rigidity,  or  both,  in  the  details  as  well  as 
in  the  section  itself. 

Principle  XXVII 

//(  Every  Bridge  and  Trestle  Adequate  Provision  Must  be  Made  for  Contraction 

and  Expansion. 

Neglecting  to  comply  with  this  principle  has  often  been  the  cause  of 
failure  and  disaster. 

Principle  XXVIII 

No  Matter  How  Great  Its  Weight  May  Be,  Every  Ordinary  Fixed  Span 
Should  be  Anchored  Effectively  to  its  Supports  at  Each  Bearing  Thereon. 

At  one  end  it  should  be  anchored  immovablj^,  and  at  the  other  so  as 
to  provide  for  longitudinal  expansion  and  contraction.  Such  anchorage 
prevents  the  dislodging  of  the  structure  by  wind-pressure  or  by  an  acci- 
dental blow  from  a  moving  obi.ect.  It  also  prevents  the  structure  from 
creeping. 
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Principle  XXIX 

The  Bridge-Designer  Should  Never  Forget  that  it  is  Essential  throughout 
Every  Design  to  Provide  Adequate  Clearance  for  Packing,  and  to  Leave 
Ample  Room  for  Assembling  Members  in  Confined  Spaces. 

There  is  no  more  fruitful  source  of  profanity  for  bridge-erectors  than 
the  neglect  of  this  principle;  and  as  nearly  every  designer  has  to  spend 
a  year  or  two  in  learning  to  allow  enough  clearance,  it  follows  that  the 
said  bridge-erectors  should  be  given  the  benefit  of  "extenuating  circum- 
stances" when  brought  to  judgment  for  their  notorious  addiction  to  the 
use  of  strong  language. 

Principle  XXX 

Although  for  Various  Reasons  Engineers  are  Agreed  that  Field-Riveting 
Shoidd  be  Reduced  to  a  Minimum,  such  an  Opinion  Should  not  be 
Allowed  to  Militate  Against  the  Employment  of  Rigid  Lateral  Systems. 
All  Designs  Should  be  Arranged  so  that  the  Field-Rivets  May  be 
Driven  Readily. 

One  of  the  main  reasons  for  the  unsatisfactory  condition  of  most  of  the 
older  elevated  railroads  of  this  country  is  that  their  designers  endeavored 
in  every  possible  way  to  avoid  field-riveting,  in  order  to  keep  down  the 
cost  of  erection;  and  in  so  doing  they  failed  to  develop  the  requisite 
amount  of  rigidity  in  the  structures.  The  result  is  that  many  parts  of 
those  structures  have  to  be  either  reinforced  or  removed,  as  can  be  seen 
at  almost  any  time  in  New  York  City. 

Principle  XXXI 

Rivets  Should  Not  be  Used  in  Direct  Tension. 

In  the  days  of  iron  rivets  this  was  an  important  requirement,  for  the 
reason  that  the  shanks  were  often  so  overstressed  in  cooling  that  the  heads 
would  fly  off;  but  this  does  not  occur  with  steel  rivets.  Nevertheless 
it  is  advisable  to  adhere  to  the  rule,  except  for  very  unimportant  members 
where  there  is  a  great  excess  in  the  number  of  rivets  above  the  theoretical 
requirements. 

Principle  XXXII 

For  Members  of  Any  Importance  Two  Rivets  do  not  Make  an 
Adequate  Connection. 

For  such  details  as  lattice  bars,  of  course,  two  rivets  or  even  one  rivet 
at  each  end  will  suffice;  but  where  a  direct  calculable  stress  comes  on 
the  piece  and  only  two  rivets  at  each  end  are  used,  it  will  be  found  that 
they  will  work  loose,  while  if  three  are  employed,  they  will  not,  unless 
they  are  overstressed  by  the  calculated  stress  on  the  piece. 
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Principle  XXXIII 

Designs  Must  Invariably  be  Made  so  that  All  Metalwork  after  Erection 
Shall  be  Accessible  to  the  Paint-Brush,  Except,  of  course,  Those  Sur- 
faces Which  Are  in  Close  Contact  either  with  Each  Other  or  with  the 
Masonry. 

This  clause  very  properly  cuts  out  the  use  of  ordinary  closed  columns, 
which  used  to  be  a  fruitful  source  of  condemnation  of  okl  bridges. 

Principle  XXXIV 

In  Multiple-Track  Structures,  if  Any  Bracing-Frames  be  Used  between 
Panel  Points  or  Bearings  to  Connect  the  Adjacent  Stringers  or  Longi- 
tudinal Girders  of  Adjoining  Tracks,  they  Must  be  Designed  without 
Diagonals,  in  order  to  Prevent  the  Transference  of  Any  Appreciable 
Portion  of  the  Live  Load  from  One  Pair  of  Girders  to  Any  Other  Pair. 

Such  a  transference  would  be  doubly  injurious,  because  it  would 
throw  on  some  of  the  girders  more  live  load  than  they  were  proportioned 
to  carry,  and  at  the  same  time  it  would  probably  overstress  the  diagonals 
and  their  connections,  and  would  certainly  tend  to  distort  laterally  the 
flange  angles  of  the  longitudinal  girders  on  account  of  the  induced  torsion. 

Principle  XXXV 

In  Bridges,  Trestles,  and  Elevated  Railroads  the  Thrust  from  Braked  Trains 
and  the  Traction  Should  be  Carried  from  the  Stringers  or  Longitudinal 
Girders  to  the  Posts  or  Columns  without  Producing  Any  Horizontal 
Bending  Moment  of  the  Cross-Girders. 

This  is  a  requirement  of  the  author's  that  has  been  employed  in  his 
designs  for  many  years.  Its  correctness  was  established  in  his  paper  on 
Elevated  Railroads.* 

Principle  XXXVI 

hi  Trestles  and  Elevated  Railroads  the  Columns  Should  be  Carried  up  to 
the  Tops  of  the  Cross-Girders  or  Longitudinal  Girders  and  be  Effectively 
Riveted  Thereto. 

The  correctness  of  this  proposition  also  was  established  in  the  said 
paper  on  Elevated  Railroads. 


*  This  paper  was  originally  published  in  the  Transactions  of  the  American 
Society  of  Civil  Engineers  in  1897,  and  was  afterward  incorporated  in  Mr.  Harrington's 
compilation  of  the  author's  "  Principal  Professional  Papers." 
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Principle  XXXVII 

Every  Column  That  Ads  as  a  Beam  also  Should  Have  Solid  Webs  at  Right 
Angles  to  Each  Other,  as  No  Reliance  Can  be  Placed  on  Lacing  to  Carry 
a  Transverse  Load  Down  the  Column. 

The  truth  of  this  proposition  is  evident  when  one  reflects  that  a  single 
loose  rivet  or  single  bent  lacing-bar  in  the  whole  line  of  lacing  will  pre- 
vent the  latter  from  carrying  as  a  web  a  transverse  load.  Loose  rivets 
and  bent  lacing-bars  are,  unfortunately,  not  uncommon  in  structural 
metalwork. 

Principle  XXXVIII 

In  Trestles  and  Elevated  Railroads  Eve^^y  Column  should  be  Anchored  so 
Firmly  to  its  Pedestal  that  Failure  by  Overturning  or  Rupture  Could 
Not  Occur  in  the  Neighborhood  of  the  Foot,  if  the  Bent  Were  Tested  to 
Destruction. 

As  long  ago  as  1891  the  author  designed  pedestals  which  involved 
truly  fixed  ends  for  column  feet;  but  it  was  several  years  later  before 
such  a  detail  began  to  come  into  general  use.  The  ordinary  old-style 
cormection  of  columns  to  pedestals  by  an  anchor-bolt  at  each  of  the  four 
corners  of  the  bed-plate  is  extremely  weak  and  ineffective. 

Principle  XXXIX 

All  Pedestals  for  Trestles,  Viaducts,  and  Elevated  Railroads  should  be 
Raised  to  such  an  Elevation  as  to  Prevent  the  Accumulation  of  Dirt  and 
Moisture  about  the  Column  Feet;  and  All  Boxed  Spaces  in  the  Latter 
Should  be  Filled  with  Extra-Rich  Portland-Cement  Concrete. 

The  neglect  of  these  precautions  causes  the  rapid  deterioration  of  the 
metal  at  bases  of  columns,  and  thus  shortens  the  life  of  the  structure. 

Principle  XL 

In  Designing  Short  Members  of  Open-Webbed,  Riveted  Work,  it  is  Better 
to  Increase  the  Sectional  Area  of  the  Piece  from  Ten  to  Twenty-Five 
Per  Cent  than  to  Try  to  Develop  the  Theoretical  Strength  by  Using 
Supplementary  Angles  at  the  Ends  to  Connect  to  the  Plates. 

This  principle  is  based  upon  the  results  of  some  tests  of  the  author's 
en  the  strength  of  single  angles  and  pairs  of  angles  attached  by  one  leg 
only,  by  which  it  was  found  that  6"  X  33-^"  angles  comiected  by  the  long 
leg  developed  ninety  per  cent  of  the  ultimate  strength  of  a  flat  bar  of 
equal  net  section,  and  that  3"  X  3"  angles  connected  by  one  leg  only 
developed  seventy-five  per  cent  thereof. 
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Principle  XLI 

Star-Struts  formed  of  Two  Angles  mith  Occasional  Short  Pieces  of  Angle  or 
Plate  for  Staying  them  Do  Not  Make  Satisfoctoi'ij  Compression  Mem- 
bers. Better  Results  arc  Obtained  by  Placing  the  Angles  in  the  Form 
ofa"T." 

Tho  truth  of  this  statement  was  estabUshed  by  another  series  of  ex- 
periments of  the  author's  made  at  the  same  time  as  were  the  last-men- 
tioned tests.  The  specimen  columns  did  not  develop  on  the  average  more 
than  seventy-five  per  cent  of  the  resistance  they  should  have  realized 
according  to  the  usual  straight-line  formula  for  metal  of  the  same  tensile 
strength. 

Principle  XLI  I 

In  Making  Estimates  of  Weights  of  Metal  the  Computer  Shotdd  Always  be 
Liberal  in  Allowing  for  the  Weight  of  Details 

It  is  the  author's  experience  that,  in  nearly  every  case,  the  weight  of 
the  finished  structure  exceeds  slightly  the  estimated  weight,  and  mainly 
on  account  of  the  use  of  more  metal  for  details  than  was  figured  upon. 
Of  course,  if  one  sets  out  deliberately  to  ''skin"  a  bridge  so  as  to  save 
all  the  metal  he  can,  the  actual  weights  of  details  may  be  made  to  under- 
run  the  estimate;   but  such  a  practice  is  most  reprehensible. 

Principle  XLIII 

In  the  Design  of  Any  Monolithic  Concrete  Structure,  Proper  Consideration 
Should  be  Given  to  the  Stresses  Resulting  from  the  Continuity  Thereof, 
and  Reinforcement  Should  be  Placed  Wherever  Required  to  Prevent  the 
Formation  of  Unsightly  or  Dangerous  Cracks. 

It  is  not  to  be  inferred  from  the  above  principle  that  the  author  is 
in  favor  of  spending  a  great  amount  of  time  in  an  attempt  to  make  an 
exact  analysis  of  the  stresses  in  the  various  parts  of  such  a  structure; 
but  the  approximate  values  of  such  stresses  should  be  computed,  and 
due  provision  should  be  made  therefor. 

Principle  XLIV 

In  Designing  Any  Reinforced  Concrete  Structure,  Proper  Consideration 
Should  be  Given  to  All  the  Construction  Joints  which  will  be  Required; 
and  if  it  is  Found  Impracticable  to  Avoid  Shearing  Stresses  on  any 
Such  Joint,  these  Stresses  Must  be  Fully  Provided  For,  either  by 
Keying  or  by  the  Use  of  Properly  Placed  Reinforcing  Bars. 

Reinforced  concrete  structures  are  usually  monoliths;  but  construc- 
tion joints  are  nearly  always  required  at  various  stages  of  the  work,  and 
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the  concrete  at  such  joints  is  to  be  reUecl  on  for  little  else  than  direct 
compression. 

Principle  XLV 

Care  Must  Be  Taken  to  See  that  the  Full  Strength  of  Every  Reinforcing 
Bar  is  Properly  Developed  at  the  Point  where  the  Said  Strength  is 
Required. 

Principle  XL VI 

Sharp  Bends  in  Reinforcing  Bars  Carrying  Stress  should  Always  be  Avoided. 

Principle  XLVII 

Loose  Stirrups  Placed  Diagonally  in  Reinforced  Concrete  Beams  are  of  Very 

Little  Value. 

Principle  XLVIII 

In  General,  Details  Must  Always  be  Proportioned  to  Resist  Every  Direct 
and  Indirect  Stress  that  May  Ever  Come  upon  them  under  Any  Pos- 
sible Condition  without  Subjecting  Any  Portion  of  their  Material  to  a 
Stress  Greater  than  the  Legitimate  Corresponding  Working  Stress. 

This  principle  involves  the  whole  theory  of  bridge  detailing. 

Principle  XLIX 

The  Science  of  Bridge  Designing  Lies  Mainly  in  the  Detailing. 

Li  the  reader  who  has  perused  carefully  the  preceding  "principles"  is 
not  convinced  of  the  correctness  of  this  statement,  he  certainly  will  be- 
come so  after  a  few  years  spent  in  making  bridge  computations. 

Principle  L 

There  is  But  One  Correct  Method  of  Checking  thoroughly  the  Entire  Detailing 
of  a  Finished  Design  for  a  Structure,  viz.:  "Follow  Each  Stress  Given 
on  the  Stress-Diagram  from  its  Point  of  Application  on  One  Main 
Member  until  it  is  Transferred  Completely  either  to  Other  Main  Mem- 
bers or  to  the  Substructure,  and  See  That  Each  Plate,  Pin,  Rivet,  or 
Other  Detail  by  which  it  Travels  has  Sufficient  Strength  in  Every  Par- 
ticular to  Resist  Properly  the  Stress  that  it  thus  Carries;  Check  also 
the  Sizes  of  such  Parts  as  Stay-Plates  and  Lacing,  which  Are  Not 
Affected  by  the  Stresses  Given  on  the  Diagram,  and  See  that  the  Said 
Sizes  are  in  Conformity  with  the  Best  Modern  Practice.^' 

But  to  do  all  this  as  it  should  be  done  necessitates  the  computer's 
being,  in  the  truest  sense  of  the  term,  an  expert  of  the  highest  order  in 
all  branches  of  bridge  designing. 


CHAPTER  XVI 


DETAILING    IN   GENERAL 


As  stated  near  the  end  of  the  preceding  chapter,  the  science  of  bridge 
designing  lies  mainly  in  the  detailing.  This  is  an  axiom  the  correctness 
of  which  is  fully  recognized  by  the  bridge  expert,  but,  unfortunately,  not 
by  many  railroad  men  and  other  purchasers  of  steel  structm-es;  for  if 
it  were,  they  would  never  entrust  the  designing  of  the  bridges  they  buy 
to  the  manufacturers,  whose  usual  custom  it  is  to  have  stress-sheets 
prepared  by  their  comparatively  high-priced  computers  and  to  turn  over 
the  detailing  to  cheap  draftsmen.  Is  it  not  folly  to  spend  a  lot  of  money 
in  making  a  bridge  heavy  in  the  main  members  and  at  the  same  time 
to  pay  so  little  attention  to  detaiUng  that,  were  the  structure  tested  tc 
destruction,  it  would  fail  in  the  connections  long  before  developing  the 
full  strength  of  the  main  members?  Yet  such  is  commonly  the  custom 
among  the  purchasers  of  bridges,  who  think  that  there  is  no  need  to  retain 
the  services  of  a  bridge  specialist  to  prepare  the  plans  when  they  can 
get  such  work  done  for  nothing  (!)  by  the  bridge-manufacturing  com- 
panies. They  do  not  recognize  that  the  labor  of  preparing  the  plans  has 
to  be  paid  for  by  some  one,  and  that  when  it  is  done  by  the  contractor  the 
cost  is  hidden  in  the  pound  price  of  the  completed  metal-work. 

It  is,  unfortunately,  not  only  the  purchasers  of  bridges  who  are  ignor- 
ant of  the  important  axiom  with  which  this  chapter  is  introduced;  for 
even  such  scientific  and  practical  men  as  the  editors  of  technical  papers 
are  occasionally  just  as  badly  informed.  A  good  illustration  of  this  was 
given  some  years  ago  in  Indian  Engineering,  when  the  editor  of  that  well- 
known  paper  wrote  as  follows:  "Now,  however,  the  standardizing  of 
parts — the  provision  by  manufacturers  of  pieces  calculated  for  a  given 
load — and  such  like  has  so  far  simplijfied  matters  that  any  one  can  put 
together  the  details  of  a  simple  bridge  design."  Unfortunately  for  the 
editor,  there  appeared  in  the  same  issue  a  detailed  illustration  and  de- 
scription of  the  Koli  Bridge,  which  furnished  a  most  forcible  contradic- 
tion of  the  statement.  The  author  seized  the  opportunity  to  call  atten- 
tion to  the  editor's  error  by  furnishing  an  analysis  of  some  of  the  second- 
ary and  induced  stresses  in  the  structure  illustrated,  pointing  out  the 
following  important  defects: 

First.  The  span  of  one  hundred  and  twenty-eight  (128)  feet  consisted 
of  two  pony  trusses  with  six  (6)  side  braces  per  side  and  six  (6)  light  over- 
head arch-struts  that  riveted  only  to  the  upper  surfaces  of  the  top  chords. 

Second.     The   truss  depth  employed  was  just  about  one-half  that 
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required  for  greatest  economy  of  metal,  as  was  shown  by  computing  the 
weight  of  the  chords  and  that  of  the  web,  which  two  weights  should  be 
about  equal  for  minimum  total  weight  of  metal  in  trusses. 

Third.  There  was  really  no  upper  lateral  system  at  all,  for  struts 
without  diagonals  cannot  form  a  lateral  system. 

Fourth.  Only  two  out  of  the  ten  panels  of  each  truss  were  counter- 
braced. 

Fifth.  All  web  diagonals  were  composed  of  flat  bars,  and  the  counters 
had  no  adjustment.  (It  must  be  remembered  that  the  trusses  were  of 
the  riveted  t3qDe.) 

Sixth.  The  detailing  of  the  vertical  posts  was  absurd,  for  there  were 
no  stay-plates  at  the  ends  of  the  lacing  system,  and  the  bars  of  the  latter 
had  a  far-too-small  inclination  to  the  vertical. 

Seventh,  The  cTiords  were  strengthened  toward  the  centre  of  the 
span  by  piling  on  an  extra  cover  plate  instead  of  by  thickening  the  webs 
of  the  channels. 

Eighth.  The  bottom  chords  were  closed  troughs  that  would  hold 
water  and  ensure  rustijig  the  metal  rapidly. 

Ninth.  The  bottom  chords  were  loaded  transversely  at  mid-panel, 
thus  ensuring  the  greatest  possible  bending  moments  upon  them. 

Tenth.  The  floor-beams  were  attached  to  the  inner  channels  of  the 
bottom  chords,  and  there  were  no  means  provided  for  transferring  a  por- 
tion of  the  reaction  to  the  outer  channels,  thus  making  the  inner  ones 
do  practically  all  the  work  of  resisting  bending. 

Eleventh.  At  the  fixed  end  of  the  span  there  was  no  hinged  pedestal, 
consequently  the  distribution  of  load  over  the  shoe  was  far  from 
uniform. 

Twelfth.  The  eccentricity  in  the  connections  of  web  members  to 
chords  was  both  excessive  and  uncalled-for,  thus  making  the  secondary 
stresses  exceedingly  high. 

It  may  seem  at  first  thought  that  it  was  hardly  necessary  to  go  abroad 
for  an  example  of  the  evil  effects  of  leaving  the  detaihng  to  incompetent 
designers  and  to  parties  interested  in  making  money  out  of  the  construc- 
tion, but  not  out  of  the  use  of  the  structure.  The  reason  is  that  the  ex- 
ample was  at  hand  and  is  a  glaring  one.  It  represents,  though,  in  a  way, 
the  errors  in  American  practice  of  a  decade  earlier  than  the  date  of  build- 
ing the  bridge  referred  to.  To-day  the  detailing  of  bridges  in  general  is 
improved  materially,  this  result  having  been  accomplished  primarily  by 
the  independent  designers,  whose  work  has  been  copied  more  or  less  by 
the  manufacturing  companies. 

There  is  no  need  to  treat  here  of  the  faulty  bridge  detailing  of  the 
distant  past,  because  that,  in  the  main,  has  been  corrected  in  modem 
designs.  The  reader  who  is  interested  in  the  matter  is  referred  to  the 
author'.s  pai)er  on  "Some  Disputed  Points  in  llailway  Bridge  Designing," 
published  in  the  Transactions  of  the  American  Society  of  Civil  Engineers 
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for  February  and  March,  1892,  and  reproduced  in  Mr.  Harrington's 
"Principal  Professional  Papers." 

In  railway  bridge  designing,  for  a  number  of  years  the  average  ratio 
of  weight  of  details  to  weight  of  main  members  has  been  gradually  in- 
creasing; and  the  end  is  not  yet,  because  the  average  bridge  designer  has 
still  a  great  deal  to  learn  concerning  the  importance  of  good  and  efficient 
detailing.  As  long  as  contracts  for  bridges  are  awarded  to  bridge  com- 
panies on  competitive  designs,  and  the  structures  are  paid  for  by  the 
hmip  sum  instead  of  by  the  pound,  just  so  long  will  the  science  of  detailing 
be  ignored,  and  just  so  long  will  bridges  be  built  which  will  eventually 
wear  out,  simply  for  want  of  a  little  more  metal  distributed  just  where 
it  is  needed,  viz.,  in  the  details. 

The  author  feels  that  he  cannot  speak  too  forcibly  concerning  the 
importance  of  thoroughly  scientific  detailing  for  all  kinds  of  metal  work; 
for  what  avails  it  that  a  structure  have  an  excess  of  section  in  every  main 
member  if  a  single  important  detail  be  lacking  in  strength?  If  the  au- 
thor were  in  a  position  where  he  had  to  cut  down  the  weight  of  a  struc- 
ture even  as  much  as  thirty  per  cent  he  would  unhesitatingly  take  the 
metal  almost  entirely  out  of  the  sections  of  the  main  members  and  leave 
the  detailing  practically  unchanged.  A  structure  thus  designed  would 
long  outlast  one  of  the  same  type  in  which  the  weight  of  the  details  and 
that  of  the  main  members  were  reduced  in  the  same  proportion. 

The  designer  who  is  desirous  of  improving  his  detailing  should  begin 
by  studying  so  thoroughly  the  "First  Principles  of  Designing,"  given  in 
the  preceding  chapter,  that  he  will  have  them  permanently  in  mind; 
then  he  should  read  Chapters  XIX  to  XXIV,  inclusive,  and  learn  how 
the  principles  are  applied.  In  those  chapters  are  described  practically  all 
the  important  bridge  details  in  common  use,  while  the  remainder  of  this 
chapter  will  be  devoted  to  the  consideration  of  a  number  of  features  of 
general  application  which  the  designer  should  constantly  bear  in  mind. 

Attention  is  called  to  the  detail  illustrated  in  Fig.  22///  for  carrying 
either  the  thrust  of  a  braked  train,  or  the  horizontal  reaction  of  all  the 
driving  wheels,  from  stringers  to  trusses  without  bending  the  cross-girders. 
This  detail  is  only  now  coming  into  general  use,  although  the  author  has 
been  employing  it  in  his  designs  for  more  than  two  decades.  Many  de- 
signers think  that  the  thrust  of  a  braked  train  comes  so  seldom  on  any 
structure  and  its  effect  on  the  cross-girders  is  so  small  that  it  may  be 
ignored;  but  this  idea  is  incorrect,  because  bridges  in  some  locations  are 
subjected  to  train  thrust  constantly,  and  every  bridge  is  liable  to  receive 
it  at  any  time.  Moreover,  if  one  will  figure  the  effect  on  the  flanges  of 
the  cross-girders,  which  have  transversely  a  very  small  moment  of  inertia, 
he  wall  be  surprised  to  find  how  high  the  extreme  fibre  stress  will  run. 
For  instance,  taking  a  case  that  is  far  from  being  extreme  and  which, 
consequently,  is  unfavorable  to  the  illustration,  let  us  assume  an  average 
live  load  of  7,500  pounds  per  lineal  foot  for  a  thirty  (30)  foot  panel,  and 
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that  the  coefficient  of  friction  is  0.2,  making  the  thrust  on  the  cross-girder 
45,000  pounds.  If  the  length  of  the  girder  is  seventeen  (17)  feet,  and  if 
there  are  four  lines  of  stringers,  the  transverse  bending  moment  will  be 

22,500   C^Y^)  =  135,000   ft.-lbs.  =  1,620,000    in.-lbs.       Assume    this 

to  be  divided  equally  between  the  two  flanges,  giving  810,000  in.-lbs.  per 
flange,  and  that  each  flange  is  composed  of  two  6"  X  6"X9/l6"  angles, 
the  web  thickness  being  ^".     The  moment  of  inertia  of  the  two  angles 

.      ,         ^^                      ,1                    .1                    .„  ,     810,000  X  6.2 
IS  about  90,  consequently  the  extreme  fibre  stress  will  be — = 

55,800  lbs.  nearly.  Of  course,  the  partial  continuity  of  the  rails  and 
guard  rails  will  often  tend  to  transfer  some  of  the  train  thrust  directly 
to  the  abutments  and  to  the  embankment,  but  when  the  approach  is  a 
wooden  trestle,  it  will  have  its  own  share  of  thrust  to  take  care  of,  con- 
sequently too  much  reliance  should  not  be  placed  on  this  assumed  relief. 
It  is  far  better  to  detail  the  lateral  system  so  that  the  thrust  is  not  car- 
ried at  all  by  the  cross-girders,  especially  as  the  extra  cost  of  so  doing  is 
trifling. 

The  proper  detailing  of  the  lateral  system  so  that  the  train  thrust  is 
taken  directly  to  the  trusses  or  girders  has  the  added  advantage  of  re- 
lieving the  floor-beam  flanges  from  the  bending  which  will  be  occasioned 
by  the  changes  in  lengths  of  the  chords  under  load.  As  was  shown  in 
Chapter  XI,  the  stresses  in  the  flanges  of  the  floor-beams  from  this  cause 
are  very  high,  unless  provision  is  made,  as  above  outlined,  to  relieve  them. 

Web  members  composed  of  four  angles  and  carrying  mainly  tension 
stresses  may  very  properly  be  stayed  by  occasional  stay  plates  instead  of 
by  a  system  of  lacing.  This  is  a  legitimate  economy,  but  it  should  not 
be  carried  so  far  as  to  apply  to  members  that  are  mainly  struts.  Hangers 
carrying  floor-beams  riveted  to  one  side,  however,  should  be  laced. 

In  riveted  bridges  due  attention  is  not  always  given  to  the  strength 
of  connecting  plates,  which  are  sometimes  made  so  thin  that  they  would 
rupture  along  the  lines  of  the  rivet  holes  before  developing  the  full  strength 
of  the  attached  web  member.  This  feature  of  detailing  is  exemplified 
in  Chapter  XXII. 

A  very  faulty  detail  in  riveted  spans,  far  too  common  in  current  prac- 
tice, is  the  placing  of  the  pedestal  pins  below  the  bottom  chords  instead 
of  on  their  centre  lines.  The  error  involved  is  the  ignoring  of  the  bend- 
ing effect  on  the  inclined  end  posts  and  the  end  panels  of  bottom  chords 
due  to  the  moment  of  the  train  thrust.  Of  course,  this  could  be  provided 
for  by  strengthening  these  main  members,  but  to  do  so  would  be  uneco- 
nomic, because  it  is  easier  and  better  to  place  the  pin  on  the  centre  line 
of  chord  where  it  belongs. 

A  faulty  detail  that  is  still  in  existence,  although  it  should  long  ago 
have  been  relegated  into  oblivion,  is  the  failure  to  carry  pin  plates  of 
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columns  well  beyond  the  edges  of  the  batten  plates.  Neglecting  to  do  so 
materially  weakens  the  column,  as  has  been  shown  by  full-size  column 
tests.  The  lap  for  this  detail  should  be  great  enough  to  ]:)rovide  for  two 
or  three  rows  of  rivets.  Similarly,  m  riveted  structures  the  batten  or 
stay  plates  should  extend  well  between  the  connecting  plates  which  at- 
tach the  main  member  under  consideration  to  the  other  main  members. 

Forked  ends  of  columns  are  often,  without  any  good  reason,  made 
weaker  than  the  member  of  which  they  form  a  part.  Whenever  it  is 
practicable,  there  should  be  placed  between  the  projecting  pin  plates  a 
diaphragm  composed  of  a  plate  and  angles,  and  it  should  be  carried  as 
close  to  the  pin  as  the  connection  of  other  members  will  permit.  If  it 
be  impracticable  to  use  the  diaphragm,  the  pin  plates  should  be  so  rein- 
forced that  their  ratio  of  length  to  least  radius  of  gyration  will  not  exceed 
the  corresponding  ratio  for  the  strut  itself,  and  so  that  the  allowable 
intensity  for  forked  ends  will  not  be  exceeded. 

Batten  plates  are  often  made  too  short.  Their  length  should  never  be 
less  than  their  \vidth,  except  in  bracing  members,  and  often  it  should  be 
greater.  Wide  batten  plates  with  only  two  or  three  rivets  on  a  side  are  an 
absurdity,  and  their  use  is  an  indication  of  either  ignorance  or  dishonesty. 

The  lacing  of  struts  is  often  altogether  too  light.  For  members  of 
ordinary  section  the  rules  given  in  Chapter  LXXVIII  will  apply;  and  for 
unusually  large  sections  it  is  better  to  dispense  with  lacing  entirely  and 
adopt  a  cover  plate  above  and  one  below.  This  forms  the  strut  into  a 
closed  column,  hence  provision  must  be  made  for  the  admission  of  a  man 
for  painting  the  interior.  Once  in  designing  a  large  bridge  the  author 
employed  box  compression  chords,  of  the  form  show^l  in  Fig.  22ddd;  but 
the  innovation  thus  involved  was  so  great  that  the  manufacturers  man- 
aged to  succeed  in  having  the  section  changed  to  the  one  ordinarily'  em- 
ployed.    This  detail  has  since  been  adopted  on  the  Hell  Gate  Arch  Bridge. 

The  rational  design  of  lacing  is  really  impossible.  The  formula  used 
in  the  specifications  of  Chapter  LXXVIII  is  strictly  empirical  in  form, 
but  is  probably  as  good  as  any.  It  makes  the  strength  of  the  lacing 
depend  upon  the  load  on  the  column  and  upon  the  ratio  of  its  length 
to  radius  of  gjTation  in  the  direction  of  the  lacing,  which  two  factors 
are  undoubtedly  the  most  important  ones  involved  in  the  matter.  The 
limiting  thicknesses  specified  are  those  which  experience  has  shown  to  be 
the  proper  values. 

In  general,  it  will  be  best  to  employ  single-bar  lacing  at  60-degree  in- 
chnation  for  small  members,  and  single-angle  lacing  at  the  same  inchna- 
tion  for  larger  ones.  For  such  lacing  the  stress  in  each  bar  or  angle  will 
be  1.16  times  the  shear  carried  by  the  lacing;  and  the  stress  in  the  con- 
necting rivets  will  have  this  same  value,  no  matter  whether  adjacent 
bars  are  connected  by  the  same  rivets  or  by  different  ones.  For  double 
lacing  at  45-degree  inclination,  the  stress  in  each  bar  is  seven-tenths  (0.7) 
of  the  shear  carried  by  the  lacing,  and  the  stress  in  the  connecting  rivets 
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will  have  the  same  value  when  adjacent  bars  are  not  connected  by  the 
same  rivets;  but  when  adjacent  bars  are  attached  by  the  same  rivet 
or  rivets,  the  stress  in  the  rivets  will  be  equal  to  the  shear  carried  by 
the  lacing.  In  the  latter  case,  the  shearing  strength  of  the  rivets  will 
govern  when  all  of  the  bars  are  ejther  inside  or  outside  of  the  member; 
but  their  bearing  on  the  portion  of  the  main  section  through  which  they 
pass  will  govern  when  the  bars  are  placed  alternately  within  and  without 
the  member. 

A  bar  2}/2"  X  ){%"  in  section  has  a  strength  equal  to  the  single-shear 
value  of  a  J^"  shop  rivet — 6,000  pounds — when  the  ratio  of  its  length 
to  its  thickness  is  forty  (40).  From  this  fact  the  strength  of  any  lacing 
bar  can  be  readily  determined.  In  figuring  the  compressive  strength 
of  bars  in  a  double-lacing  system,  when  the  intersecting  bars  are  riveted 
together  at  the  crossing,  the  ratio  of  length  to  thickness  should  be  taken 
as  only  two-thirds  of  the  actual  value,  to  allow  for  the  strengthening 
effect  of  the  central  connection.  This  is  in  accordance  with  the  standard 
practice  of  allowing  the  ratio  of  length  to  thickness  to  be  fifty  (50) 
per  cent  greater  for  bars  of  double  lacing  than  for  bars  of  single  lacing. 
The  strength  of  angles  used  in  lacing  will  rarely,  if  ever,  need  testing. 

It  follows  from  the  above  that  single  lacing  at  60-degree  incUnation, 
with  bars  ^"  or  more  in  thickness  fastened  by  one  J^"  rivet  at  each 
end,  will  carry  a  shear  of  6,000  -^  1.16,  or  5,200  pounds;  while  double 
lacing  at  45-degree  inclination,  with  bars  ^g"  or  more  in  thickness  like- 
wise fastened  with  one  %"  rivet,  will  carry  a  shear  of  6,000  pounds.  For 
shears  up  to  5,200  pounds,  single  lacing  of  23^2"  bars  should,  therefore,  be 
employed;  and  for  shears  between  5,200  pounds  and  6,000  pounds,  double 
lacing  of  2 3/^"  bars.  For  shears  exceeding  the  latter  figure,  lacing  of  b" 
bars  or  some  form  of  angle  lacing  should  be  adopted. 

Angle  lacing  is  usually  lighter  than  bar  lacing  for  wide  members, 
particularly  if  no  gusset  plates  for  the  lacing  are  used.  It  is  also  prefer- 
able because  its  stiffness  helps  to  prevent  the  tendency  of  members  to 
warp  into  a  diamond  shape  under  fabrication.  From  this  view-point  it 
is  better  to  attach  the  angles  to  the  flanges  direotly  without  the  use  of 
gusset  plates. 

It  is  always  advisable,  when  possible,  to  make  adjacent  lacing  bars 
or  angles  intersect  on  the  gauge  lines  of  the  flange  angles,  in  order  to 
avoid  the  bending  which  would  be  caused  by  an  eccentric  connection. 
Bar  lacing  should  always  thus  intersect,  and  it  is  preferable  that  angle 
lacing  do  so  as  well.  This  end  can  be  attained  for  angle  lacing  by  at- 
taching the  angles  to  gusset  plates,  or,  if  the  flange  angles  of  the  mem- 
ber are  turned  inward,  by  putting  alternate  angles  on  the  inside  and  on 
the  outside.  The  appearance  of  the  latter  arrangement  is  not  particularly 
good,  however.  All  things  considered,  the  author  considers  it  best  to 
connect  angle  lacing  to  gusset  plates. 

Bar  lacing  is  usually  put  on  the  outside  of  a  member,  but  angle  lacing 
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should  preferably  be  put  on  the  inside,  as  otherwise  the  outstanding  legs 
will  interfere  with  handling;   and  they  are  ver}'^  likely  to  be  bent. 

Fig.  IGa  can  be  employed  to  find  the  weights  of  bar  lacing — the  upper 
portion  for  double  lacing  at  45-degree  inclination,  and  the  lower  portion 
for  single  lacing  at  60-d(>gr(H^  inclination — -Jor  various  distances  from  cen- 
tre to  centre  of  rivet  lines.  The  weights  are  given  for  bars  2}/^"  wide; 
and  those  for  bars  5"  wide  are  just  twice  as  great.     The  full  portions  of 
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the  curves  correspond  to  thicknesses  which  can  be  used  for  main  members, 
and  the  dotted  portions  to  thicknesses  allowable  for  bracing  members 
only.  The  weights  of  double-bar  lacing  (or  latticing)  at  60-degree  in- 
clination would  be  double  those  for  single-bar  lacing  at  the  same  inclina- 
tion; and  the  weights  of  single-bar  lacing  at  45-degree  incHnation  would 
be  half  of  those  for  double-bar  lacing  at  the  latter  inclination.  The 
curves  assume  that  the  bars  are  lapped  at  intersections,  which  detail 
should  always  be  adopted  for  bar  lacing. 

Fig.  166  gives  weights  of  single-angle  lacing  at  60-degree  inclination. 
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The  upper  portion  is  to  be  used  when  gusset  plates  are  employed,  and 
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the  lower  portion  when  there  are  no  gusset  plates  and  when  the  angles 
are  arranged  as  shown  in  the  sketch.     It  will  be  noted  that  the  curves 
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are  to  be  entered  with  the  (hstance  from  centre  to  centre  of  outside  rivet 
gauges  of  the  main  member  in  all  cases. 
/.5  2 

5mo 


30000 


?a!:iao 


/om 
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Percen/  of  Tofa/  Loa</  P  fo  i>e 

Ct7rr/ec/h(/  n  P/anes  oflaa'n^  D/sfance  O  /o  C  J^/vef  Unes. 

Fig.  16c.     Diagram  for  Designing  Lacing. 

Note. — ^The  diagonal  lines  in  the  upper  left  hand  portion  of  the  diagram  represent 

valu&s  of  — . 
n 


Fig.  16c  can  be  utilized  for  the  design  of  lacing, 
portion  is  a  graphical  solution  of  the  equation, 


The  lower  left  hand 
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200P 


s  = 


16,000  -  60  — 
r 


which  appears  in  Clause  71  of  Chapter  LXXVIII.  The  curve  gives  values 
of  the  shear  S  to  be  carried  by  the  lacing  in  percentages  of  P,  the  total 
load  on  the  member;  and  bj'^  tracing  vertically  into  the  upper  left-hand 
portion  there  can  be  found  the  corresponding  value  of  the  shear  to  be 

P 
carried  by  one  plane  of  lacing  for  any  value  of  — ,  where  n  equals  the 

number  of  planes  of  lacing.  On  then  projecting  horizontally  over  to  the 
upper  right-hand  portion  of  the  diagram,  there  can  be  found  the  number 
of  J/s"  shop  rivets  required  in  the  connections  of  the  following  types  of 
lacing:  single-bar  or  .single-angle  lacing  at  60-degree  inclination;  double- 
angle  lacing  at  60-degree  inclination;  Type  A  double-bar  or  double-angle 
lacing  at  45-degree  inclination,  in  which  the  connecting  rivets  pass  through 
both  bars  at  intersections;  and  Type  B  double-bar  or  double-angle  lacing, 
in  which  adjacent  bars  are  not  connected  by  the  same  rivets.  For  Type 
A  lacing  it  is  assumed  that  all  bars  are  on  either  the  inside  or  the  outside 
of  the  member;  and  if  they  are  alternately  within  and  without,  the  strength 
of  any  rivet  connection  will  vary  from  ten  per  cent  greater  than  that 
given  for  Type  A  when  the  rivets  pass  through  ^"  metal  in  the  main 
member,  to  that  given  for  Type  B  when  the  thickness  of  the  said  metal 
is  }/2"  or  more.  The  diagram  assumes  that  all  metal  is  at  least  ^"  thick. 
For  Yiq"  metal  in  either  lacing  bars  or  main  member  the  strength  of  60- 
degree  lacing  and  that  of  Type  B  45-degree  lacing  will  be  ten  per  cent 
less  than  the  values  indicated.  For  Type  A  45-degree  lacing,  there  will 
be  the  same  reduction  in  strength  when  the  metal  of  the  main  section  is 
/le"  thick,  but  none  when  the  lacing  bars  or  angles  are  /is"  thick  and 
the  main  member  %"  or  more  in  thickness.  When  bar  lacing  is  used,  the 
thickness  required  can  be  found  by  means  of  the  lower  right  portion  of 
the  diagram.  The  relative  economy  of  bar  and  angle  lacing  can  be  de- 
termined by  means  of  Figs.  16a  and  166.  Bar  lacing  is  more  easily  fabri- 
cated than  angle  lacing,  and  will  be  cheaper  unless  the  angle  lacing  effects 
a  considerable  reduction  in  weight. 

The  following  examples  illustrate  the  application  of  Figs.  16a,  166, 
and  16c. 

First.  A  compression  member  composed  of  two  built  channels  with 
angles  turned  inward  and  laced  on  two  sides  carries  a  load  of  500,000 

pounds,  the  value  of  —  about  an  axis  perpendicular  to  the  planes  of  the 

lacing  being  75,  and  the  distance  between  the  lines  of  rivets  by  which  the 
lacing  is  fastened  being  15".  What  lacing  should  be  used  when  %" 
diameter  rivets  are  employed? 
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P 
In  this  case  P  =  500,000  and  n  =  2,  so  that  —  =  250,000.     Enter- 
ing at  the  lower  left-hand  margin  of  Fig.  16c  with  —  =  75,  we  pass  hori- 

r 

zontally  to  the  heavy  diagonal  curve,  and  tJience  vertically  to  a  point 

P  P 

midway  between  the  diagonal  lines  for  —  =  200,000  and  —  =  300,000. 

We  then  read  the  value  of  the  shear  on  one  plane  of  lacing  as  4,300  pounds; 
and  projecting  horizontally  to  the  right,  we  find  that  one-rivet  connections 
will  suffice  for  either  single  or  double  lacing.  Entering  now  the  lower 
right-hand  portion  of  the  diagram  with  15"  as  the  distance  between  rivet 
lines,  we  find  the  required  thickness  of  single-bar  lacing  at  60-degree 
inclmation  to  be  Yie",  and  of  double-bar  lacing  at  45-degree  inclination 
to  be  3^".  By  Fig.  16a,  the  weight  of  single  lacing  of  2}4"  X  %&'  bars 
is  9.2  pounds  per  lineal  foot,  and  that  of  double  lacing  of  2}/^"  X  ^" 
bars  is  11.4  pounds.     Evidently  the  single  lacing  will  be  the  better. 

Second.  Suppose  that  in  the  first  problem  the  load  on  the  member 
had  been  650,000  pounds,  the  other  factors  remaining  unchanged.  What 
lacing  should  be  used? 

P 

In  this  case  —  =  325,000.     Entering  as  before  with  —  =  75,  we  trace 
n  r 

horizontally  to  the  heavy  diagonal  curve,  and  then  vertically  to  a  value 

P 
of  —  =  325,000,  taken  by  locating  a  point  about  one-quarter  of  the  dis- 

P  P 

tance  between  the  lines  for  —  =  300,000  and  for  —  =  400,000.     Then 

n  n 

on  tracing  horizontally  over  into  the  right-hand  portion  of  the  figure,  we 
find  that  one-rivet  connections  will  suffice  for  double  lacing  at  45-degree 
inclination,  but  that  two-rivet  connections  will  be  needed  for  single  lacing 
at  60-degree  inclination.  If  we  adopt  bar  lacing,  we  shall,  therefore, 
have  to  use  5"  X  /le"  single  lacing,  weighing  18.4  pounds  per  lineal  foot, 
or  2]/^"  X  Ys"  double  lacing  weighing  11.4  poimds  per  lineal  foot.  The 
latter  is  evidently  the  better  of  the  two. 

Third.  Suppose  that  in  the  second  problem  the  distance  from  centre 
to  centre  of  rivet  fines  had  been  25",  the  other  factors  remaining  unchanged. 
What  type  of  lacing  would  be  the  best? 

In  this  case  single-bar  lacing  at  60-degree  inclination  would  require 
the  use  of  5"  X  ^"  bars  weighing  28.5  pounds  per  lineal  foot,  and  double- 
bar  lacing  at  45-degree  inclination  would  necessitate  23^"  X  Y^"  bars 
weighing  16.7  pounds  per  lineal  foot.  Turning  now  to  Fig.  166,  we  find 
that  single-angle  lacing  with  gussets  will  weigh  20.8  pounds  per  lineal  foot, 
if  y^"  metal  be  used,  or  17.9  pounds,  if  /is"  metal  be  employed.  If  the 
angles  of  the  main  members  should  be  6"  wide,  single  lacing  of  3"  X  2" 
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angles  without  gusset  plates  at  60-degree  inclination  could  be  adopted, 
because  two-rivet  connections  could  be  obtained.  The  weight  will  be 
about  10.9  pounds  per  lineal  foot,  if  Y^'  metal  be  used,  or  9  pounds,  if 
/le"  nietal  be  employed.  This  latter  type  of  lacing  would  evidently  be 
the  lightest  of  any. 

Fourth.  A  top  chord  member  composed  of  a  cover-plate  and  two 
built  channels,  with  lacing  on  the  bottom  side,  carries  a  load  of  2,200,000 

pounds.     What  lacing  should  be  employed,  the  —  of  the  member  about 

r 

a  vertical  axis  being  40,  and  the  distance  between  rivet  lines  by  which 
the  lacing  is  attached  being  30"? 

In  this  case  n  equals  2,  since  the  cover-piate  is  to  be  considered  as  one 

P 
plane  of  lacing.     The  value  of  —  is,  therefore,  1,100,000  pounds.     Enter- 
ing with  —  =  40,  tracing  over  horizontally  to  the  heavy  diagonal  curve, 

P 

thence  vertically  upward  to  the  line  for  —  =  1,100,000,  and  then  hori- 
zontally to  the  right,  we  find  that  we  can  use  the  following  types  of  lac- 
ing: single-bar  or  single-angle  lacing  at  60-degree  inclination  with  4-rivet 
connections;  double-bar  or  double-angle  lacing  at  60-degree  inclination 
with  2-rivet  connections;  double-bar  or  double-angle  lacing,  Type  A,  at 
45-degree  inclination  with  3-rivet  connections;  or  double-bar  or  double- 
angle  lacing,  Type  B,  at  45-degree  inclination  with  2-rivet  connections. 
Evidently  angle  lacing  should  be  employed,  on  account  of  the  great  dis- 
tance between  rivet  lines.  For  the  single-angle  lacing  we  can  adopt 
6"  X  BM"  X  y%'  L's  without  gusset  plates;  and  entering  Fig.  166  with 
the  distance  from  centre  to  centre  of  rivet  gauges  as  30",  we  find  that  this 
type  will  weigh  18.4  pounds  per  lineal  foot.  For  the  double-angle  lacing  at 
60-degree  inclination  we  can  use  3"  X  2"  X  Y^'  L's,  which  with  Y%' 
gusset  plates  will  weigh  2  X  19.2  =  38.4  pounds  per  lineal  foot;  and 
without  gusset  plates,  2  X  11  =  22  pounds  per  lineal  foot.  Type  A 
double  lacing  at  45-degree  inclination  would  hardly  ever  be  used  in  such 
a  case,  on  account  of  the  larger  angle  required  and  the  difficulty  of  placing 
the  rivets  in  the  connection.  For  Type  B  double  lacing  at  45-degree  in- 
clination we  could  use  3"  X  2"  X  Y^'  L's,  either  with  or  without  gusset 
plates;  and  th(^y  will  evidently  weigh  somewhat  less  than  the  same  form 
of  lacing  at  60-degree  inclination.     The  single  lacing  of  6"  X  3}/^"  X 

Y%'  I 's  would  certainly  be  the  best  type  to  employ. 

Splices  in  compression  chords  are  often  very  faulty,  in  that  too  much 
reliance  is  placed  on  the  perfection  of  shop-work  in  abutting  ends.  While 
it  is  practicable  to  obtain  pretty  fair  contact  for  such  ends  in  struts  of  or- 
dinary dimensions,  the  author  believes  that  in  those  of  unusual  size  it  is 
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not,  hence  the  deeper  or  wkhn-  the  piece  the  greater  should  be  the  propor- 
tionate strength  of  the  spHce.  For  this  reason  he  favors  making  the 
niiuinium  strengtli  of  such  spUces  six-tenths  (O.G)  of  the  strength  of  the 
member  spUced;  and  in  large  struts  he  advises  a  still  greater  limit.  In 
fact,  in  pin-connected  bridges  of  great  span  length  he  would  advocate 
making  all  chord  members  truly  hinged  at  the  panel  points;  and  in  large 
riveted  bridges  he  places  the  joints  there  so  as  to  get  the  benefit  of  the 
great  strength  and  stiffness  of  the  connecting  plates,  thus  economizing  on 
metal. 

It  is  a  mistake  to  omit  end  floor-beams  of  bridges.  This  has  been 
forcibly  stated  in  print  before,  and  has  been  endorsed  by  the  profession, 
nevertheless  the  faulty  practice  is  still  very  common.  When  they  are 
omitted  and  replaced  by  horizontal  struts,  the  latter  are  often  so  eccen- 
trically comiected  that  they  are  stressed  beyond  all  reasonable  limits, 
or  would  be  if  they  received  their  computed  direct  stresses. 

The  connection  of  transverse  struts  to  the  upper  surface  only  of  top 
chords  is  a  most  reprehensible  practice.  Granting  that  the  secondary 
stresses  due  to  eccentric  comiection  are  not  large  enough  to  be  serious 
(which  is  true  if  the  calculated  greatest  stress  on  the  transverse  strut 
be  very  small),  it  is  still  necessary,  in  order  to  make  the  chords  fixed  in 
position  at  the  panel  points,  that  the  lateral  struts  there  should  take 
hold  of  the  said  chords  symmetrically  above  and  below  and  should  stiffen 
them  effectively  by  large  connecting  plates. 

In  designing  members  composed  of  one  or  two  angles,  care  must  be 
taken  to  reduce  their  effective  values  by  the  percentages  given  in  the 
specifications  of  Chapter  LXXVIII.  These  percentages  are  intended  to 
provide  for  the  fact  that  the  stresses  are  usually  apphed  to  such  members 
more  or  less  eccentrically,  and  they  agree  in  general  with  the  values  found 
in  certain  tests  which  have  been  made.  When  a  member  consists  of  two 
angles  riveted  back  to  back,  with  a  plate  riveted  to  their  outstanding 
legs,  the  efficiency  of  the  angles  should  be  taken  as  for  the  two-angle 
section,  while  that  of  the  plate  should  be  considered  unity. 

Knee-braces,  extending  from  vertical  posts  to  upper  lateral  struts, 
are  often  attached  to  both  members  at  points  which  are  not  stayed  by 
batten  plates,  the  effect  being  to  cripple  the  lacing  before  the  working 
strength  of  the  knee  is  developed.  If  the  knee  takes  hold  of  the  post 
on  the  central  plane  there  should  be  a  diaphragm  connecting  opposite 
webs  of  the  post;  but  if  it  grips  the  transverse  faces,  there  should  be  a 
properly  disposed  batten  plate  on  each  face. 

In  order  to  avoid  the  use  of  very  large  connecting  plates  for  lateral 
diagonals,  the  latter  are  often  so  laid  out  that  their  axes  intersect  at  some 
distance  from  the  central  plane  of  truss,  thus  inducing  large  bending 
moments  by  eccentricity,  which  is  an  exceedingly  bad  feature,  unless  the 
said  bending  moments  be  properly  provided  for. 

Even    nowadays    portal    bracing   is    sometimes    designed    more    for 
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appearance  than  for  strength  and  rigidity.  Portals  involving  diagonal 
adjustable  rods  connected  to  a  central  ring  are  an  absurdity,  yet  a  well- 
known  bridge  engineer  of  long  experience  was  guilty  of  making  them — 
and  no  longer  ago  than  1897  he  employed  this  abortive  detailing  in  the 
design  for  a  400-foot,  double-track-railway  span. 

Stringer  bracing  diagonals  are  sometimes  made  of  such  small  sections 

that  their  values  of  —  must  have  been  ignored  altogether,  or  else  the  ends 

were  considered  fixed,  a  condition  which  merely  coimecting  to  an  unstif- 
fened  side  plate  carmot  possibly  produce. 

In  computing  the  bending  moment  upon  the  inclined  end  post  of  a 
through  span,  it  is  necessary  to  know  the  position  of  the  point  of  contra- 
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flexure.  This  can  be  obtained  from  Fig.  16d  for  two  conditions  of  fixed- 
ness and  for  various  values  of  the  ratio  of  the  length  of  the  upper  braced 
portion  of  the  member  to  that  of  the  lower  unbraced  portion.  The  for- 
mula for  the  upper  curve  is  demonstrated  in  "Modern  Framed  Structures," 
and  that  of  the  lower  one  was  evolved  a  few  years  ago  in  the  author's 
office.  Ordinarily,  the  value  of  n  varies  from  0.25  to  0.75,  averaging  about 
0.5;  for  which  h  =  0.555  for  the  lower  curve,  and  0.57  for  the  upper 
one.  In  the  old  days  of  his  practice,  when  he  did  most  of  his  own  com- 
puting, the  author  used  to  assume  the  value  to  be  0.5,  although  he  knew 
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that  the  assumption  was  not  strictly  correct.  The  error  involved  was 
about  ten  per  cent  of  tlie  value  of  the  bending  effect,  which  error  amounts 
generally  to  less  than  three  per  cent  of  the  value  of  the  combined  bending 
and  direct  stress  effect.     In  heavily  loaded  railroad  bridges  the  permis- 
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sibie  increase  of  thirty  (30)  per  cent  in  the  intensity  due  to  wind  loading 
causes  the  effect  of  the  loading  without  wind  to  be  the  governing  condi- 
tion; but  in  lightly  loaded  railroad  bridges  the  opposite  is  the  case.  In 
view  of  the  fact  that  the  point  of  contraflexure  can  now  be  ascertained 
at  a  glance  and  without  any  necessity  for  figuring,  it  is  better  to  adopt 
for  the  bending-moment  computation  the  more  correct  lever  arm. 

In  designing  riveted  tension  members  care  must  be  taken  to  see  that 
all  net  sections  are  properly  figured  along  diagonal  as  well  as  transverse 
lines.  As  the  computation  of  the  diagonal  sections  for  combined  shear 
and  tension  is  very  tedious,  Fig.  16e  is  given  to  facilitate  the  work.  The 
formula  on  which  this  diagram  is  based  was  worked  up  originally  in  the 
author's  office  by  his  chief  computer,  V.  H.  Cochrane,  Esq.,  C.E.,  and 
was  published  by  that  gentleman  in  Engineering  News,  April  23,  1908; 
but  the  complete  diagram  was  first  presented  by  T.  A.  Smith,  Esq.,  C.E., 
in  Engineering  News  of  May  6,  1915. 

The  curves  of  this  diagram  give  the  portion  x  of  one  rivet  hole  which 
is  to  be  deducted  from  or  added  to  the  distance  g  between  the  gauge 
lines  of  the  two  rivets  in  order  to  determine  the  net  effective  length  of 
the  metal  in  this  width.  Referring  to  the  diagram,  we  find  that  for  p  = 
0,  X  =  1.  This  is  evidently  correct,  since  in  that  case  we  should  sub- 
tract two  half  holes.  As  p  increases,  x  decreases,  reaching  zero  at  some 
particular  value  (as  for  g  =  3"  and  p  =  3.3"),  at  which  point  the  effect- 
ive length  on  the  diagonal  is  just  equal  to  the  width  g;  and  as  p  becomes 
still  larger,  the  effective  length  on  the  diagonal  becomes  greater  than  the 
width  g,  so  that  x  is  additive.  The  lower  portion  of  the  diagram,  in 
which  x  is  additive,  will  be  found  of  value  for  unusual  combinations  only. 

If  a  plate  has  several  fines  of  rivets  therein,  the  total  number  of  holes 
to  be  counted  out  of  any  section  is  equal  to  1  -\-  Xi  -{•  X2  -\-  Xs  -{-  &c. 
The  term  unity  represents  the  deduction  for  the  outer  halves  of  the  rivets 
on  the  two  outside  gauge  lines,  and  the  quantities  Xi,  x^,  etc.,  denote  the 
deductions  for  the  various  intermediate  gauge  widths. 

The  diagram  can  be  applied  to  any  arrangement  of  rivets.  Consider, 
for  example,  the  group  shown  in  Fig.  16/,  supposing  the  diameter  of  the 
holes  to  be  one  inch.  Evidently  the  plate  might  rupture  along  the  fines 
1-3,  2-A,  1^,  2-3,  1-2-4,  1-3-4,  1-3-5,  2-3-4,  2-3-5,  1-2-3-4,  or  1-2-3-5. 
Since  several  of  these  sections  are  identical,  and  others  are  evidently  not 
the  weakest,  it  will  be  sufficient  to  test  the  lines  1-3,  1-3-5,  and  1-2-3-5. 
For  the  line  1-3,  we  evidently  count  out  two  holes.  For  the  line  1-3-5,  the 
deduction  required  is  1  +  1  +  0.43  =  2.43  holes.  For  the  line  1-2-3-5, 
we  must  count  out  1  +  0.17  +  0.71  +  0.43  =  2.31  holes.  The  net  effective 
width  of  the  plate  is  therefore  16"  -  2.43"  =  13.57".  The  minimum 
pitch  at  which  we  need  to  take  out  two  holes  only  is  3.3",  for  which  pitch 
the  deduction  on  the  line  1-3-5  would  be  1  +  1  +  0  =  2  holes.  If  the 
pitches  should  be  made  33^",  the  deduction  on  the  line  1-3-5  would  be 
1  +  1  -  0.12  =  1.88,  and  that  on  the  line  1-2-3,  1-0.12  +  0.58  =  1.46. 
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If  a  plate  has  only  two  lines  of  rivets  therein,  we  evidently  need  to 
roiint  out  but  one  rivet  hole  when  p  is  large  enough  to  make  x  =  0. 

With  rivets  arranged  as  in  Fig.  16^,  and  gi  =  g^,  no  portion  of  Hole  2 
will  be  counted  out  whenever  each  of  the  x's  is  0.5  (or  less);  for  in  this 
case  we  must  take  two  holes  out  of  line  1-3,  and  1  +  0.5  +  0.5  =  2 
holes  out  of  line  1-2-3.  When  gi  and  g2  are  unequal,  no  part  of  Hole  2 
will  be  counted  out  when  Xi  +  X2  is  equal  to  or  less  than  1.0.  This  value 
of  p  can  be  determined  most  easily  from  Fig.  16e  by  locating  a  vertical 
line  which  cuts  the  gauge  lines  gi  and  g^  at  equal  distances  above  and 
below  the  line  x  =  0.5. 

In  figuring  the  net  sections  of  an  angle  ha\'ing  rivets  in  both  legs, 
the  distance  g  between  rivets  in  the  opposite  legs  can  be  taken  as  the 
sum  of  the  distances  of  the  said  rivets  from  the  back  of  the  angle. 

The  above  discussion  has  considered  the  finding  of  the  net  section  at 
any  one  point  of  a  member  only.     However,  it  is  usually  necessary  to 
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Rivet  Groups  in  Tension  Members. 


consider  adjacent  sections  as  well.  For  instance,  if  there  should  be  two 
rivet  holes  in  a  plate  at  one  section,  and  six  holes  in  the  same  plate  at 
a  section  a  foot  away,  the  net  section  at  the  first  point  could  not  be  taken 
greater  than  that  with  six  holes  out  plus  the  amount  that  could  be  de- 
veloped by  the  rivets  in  the  intervening  foot  of  distance.  Also  the  strength 
at  a  section  near  the  end  of  a  member  or  any  component  part  thereof 
must  not  be  taken  as  greater  than  the  amount  which  can  be  developed 
by  the  rivets  between  the  section  and  the  end  of  the  said  member  or 
component. 

As  an  actual  example  of  the  possible  error  in  the  figuring  of  net  sec- 
tions, the  following  case,  which  has  lately  come  to  the  author's  notice, 
may  be  cited.  One  leaf  of  a  tension  member  of  a  truss  consisted  of  one 
20"  X  H"  plate,  one  12"  X  3^"  plate,  and  two  angles.  The  angles  were 
fastened  to  the  20"  plate  by  rivets  spaced  6"  centres,  and  there  was  a 
third  rivet  at  the  centre  of  the  plate  in  line  with  those  through  the  angles. 
The  12"  plate  was  also  tacked  to  the  20"  plate  by  2  rivets  every  6",  these 
rivets  being  staggered  with  those  first  mentioned.  It  was  proposed  to 
figure  the  net  section  of  the  plates  by  deducting  three  holes  from  the 
20"  plate  and  one  from  the  12"  plate,  or  by  deducting  two  holes  from 
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each  plate.  However,  since  the  stress  could  not  possibly  transfer  back 
and  forth  from  one  plate  to  the  other,  evidently  the  correct  method  of 
figuring  was  to  deduct  three  holes  from  the  20"  plate  and  two  from  the 
12"  one. 

A  tie  plate  on  a  member  is  frequently  figured  to  make  up  for  extra 
holes  in  the  member  at  the  point  where  it  occurs.  While  this  device 
may  be  legitimate  when  the  tie  plate  is  fairly  long,  it  is  not  justifiable 
when  it  is  but  9"  or  12"  in  length. 

The  riveting  in  the  body  of  a  member  should  be  laid  out  in  such  a 
manner  as  to  reduce  the  gross  area  as  little  as  possible.  At  splices  and 
connections,  however,  it  will  be  necessary  to  have  many  more  holes  than 
in  the  body  of  the  member.  The  riveting  at  the  ends  of  the  splice  plates 
and  the  connecting  plates  should  be  carefully  detailed,  in  order  to  make 
the  splice  as  short  as  possible,  and  at  the  same  time  to  avoid  under-cut- 
ting the  required  strength  of  the  member  at  any  section.  To  do  this  it 
will  generally  be  necessary  to  compute  the  strength  at  each  line  of  rivets 
near  the  end  of  the  connection. 

It  frequently  happens  that  a  group  of  rivets  is  subjected  to  a  moment, 
which  may  or  may  not  be  accompanied  by  a  direct  load.  It  then  becomes 
necessary  to  determine  the  stresses  in  the  various  rivets  in  the  group. 

Suppose  the  rivet  group  to  be  acted  upon  by  a  load  P  in  the  same 
plane  therewith,  having  an  eccentricity  e  with  respect  to  the  centre  of 
gravity  of  the  group;  or,  what  amounts  to  the  same  thing,  by  a  central 
load  P  and  a  moment  M.  Then  the  average  direct  stress  S^  in  each 
rivet  will  be 

Sd  =  ^,  [Eq.  1] 

where  A^  is  the  number  of  rivets  in  the  group.  The  moment  M  will  pro- 
duce in  any  rivet  a  stress  aS^,  the  value  of  which  depends  on  its  distance 
from  the  centre  of  rotation  and  is  given  by  the  formula, 

Mr  ,„     ^, 

Sb  =  -Y'  [Eq.  2] 

in  which  r  is  the  distance  of  the  rivet  from  the  centre  of  gravity  of  the 
group,  and  /  the  polar  moment  of  inertia  of  the  group  about  the  said 
centre  of  gravity  on  the  assumption  that  the  area  of  each  rivet  is  unit}'. 
The  value  of  /  is  given  by  the  expression, 

/  =  Ir\  [Eq.  3] 

If  now  we  take  the  centre  of  gravity  of  the  group  as  the  origin  of  co- 
ordinates, the  value  of  /  will  be 

7  =  ^0:2  +  ^y';  [Eq.  4] 

and  the  components  Sy  and  Sx  of  S^  ^vill  be  given  by  the  formulae, 

„        Mx  Mx  ,„     ., 

and  S.  =  ^^  =  W^V...  lEq.  61 

/        Ix-  +  -y 
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In  nearly  all  cases  the  rivets  will  be  arranged  in  rows  parallel  to  or 

perpendicular  to  the  direction  of  the  line  of  action  of  P,  and  will  be  spaced 

nearly,  or  quite,  evenly  throughout  each  row.    Suppose  the  group  to  consist 

of  m  rows  parallel  to  the  line  of  action  of  P,  with  n  rivets  in  each  row. 

Also,  let  the  spacing  of  the  various  rows  be  constant  and  equal  to  s,  and 

the  pitch  of  the  rivets  in  each  row  be  uniform  and  equal  to  p.     Further, 

assume  the  x  axis  to  be  perpendicular  to  the  line  of  action  of  P.     The 

moment  of  inertia  /  of  the  group  about  the  centre  of  gravity  can  be  found 

by  getting  the  moment  of  inertia  of  the  rectangle  having  the  sides  ms 

and  np,  subtracting  from  this  quantity  the  moments  of  inertia  of  each 

of  the  small  rectangles  of  area  ps  about  its  own  centre,  and  then  dividing 

the  result  by  ps,  whence  we  obtain  the  formula, 

Titn 
I  =  ^  [(^^'  -  1)P'  +  (^'  -  l)s'].  [Eq.  7] 

For  large  groups  it  will  be  sufficiently  accurate  to  use  for  the  value  of 
/  the  expression, 

tlTYl 

I  =  T7Z  {n^p''  +  wV).  [Eq.  8] 

The  values  of  x  and  y  for  the  extreme  rivet  are 

Cm  —  l)s 

(n  —  \)p 
and  y  =  '- ^;  [Eq.  10] 

and  the  total  number  of  rivets  in  the  group,  N,  is 

N  =  nm.  [Eq.  11] 

These  values  of  N,  I,  x,  and  y,  when  substituted  in  the  equations  given 
previously  for  Sa,  Sy,  and  Sx,  reduce  them  to  the  following  forms: 

P 

Sd  ^  — ,  [Eq.  12] 

6  M  (m  -  1)  g 

^  ~  nm  [{n^  -  1)  p^  +  K  -  1)  s'-]'  ^^-  ^^^ 

QM  (n  -  Dp 

^^^  ^-  =  T7~2 1^    21    f    2 ?T^-  Eq.  14 

nm  [{n^  —\)p^-\-  {m^  —  1)  s-]  l    n       j 

The  total  stress  S  in  any  rivet  will  then  be  given  by  the  formula, 

S   =  V(5d  +  SyY  +  Sx\  [Eq.  15] 

In  any  of  the  above  equations,  M  may  be  replaced  by  Pe,  if  convenient. 
When  m  =  1,  these  equations  reduce  to  the  forms, 

Sd  =  —,  [Eq.  16] 

Sy  =  0,  [Eq.  17] 

and  Sr  =      ,      ,    ..      =  —. — — r^-.  Eq.  18 

n  (n  +  1)  p      n  (n  +  1)  p  ^   ^ 
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When  P  =  0,  S  =  Sx-     When  P  is  not  zero,  we  may  assume 

e 


{n  -\-  1)  p 
whence  we  get  for  the  value  of  Sx, 


K,  [Eq.  19] 


Sx  =  -— ,  [Eq.  20] 


and  for  the  value  of  S, 


S  =  — Vl  +  36ii:2.                                 [Eq.  21]  i 

n  • 

1 

When  m  is  greater  than  unity,  but  still  small  as  compared  with  n, 

it  will  be  sufficiently  accurate  to  use  the  formula,  ' 

S  =  —  Vl  +  36  K\                              [Eq.  22]  i 

nm  1 

This  equation  errs  a  few  per  cent  on  the  side  of  danger  when  K  is  less  j 

than  0.5;    but  for  larger  values  of  K  the  results  are  either  correct  or  on  ; 

the  side  of  safety.  j 

When  n  =  1,  the  equations  for  S^,  Sy,  and  Sx  reduce  to  the  forms,  I 

S,  =  ^,                                                   [Eq.23]  j 


Sy  =  ZTTZTT-TVZ,  [Eq.  24] 


6M 

m  (m  +  1)  s' 

and  Sx  =  0.  [Eq.  25] 

When  P  =  0,  S  =  Sy.     When  P  is  not  zero,  we  have  for  the  value  of  S, 

5  =  ^+-^1^=^(1 +«£_-).  [Eq.26l 

m       m{m  +  1)  s     m  \  (m  +  1)  s  / 

If  we  assume, 


(m  +  l)s 


=  C,  [Eq.  27] 


Equation  26  becomes 


S  =  —(l  +  6C).  [Eq.  28] 

m 

If  n  be  greater  than  unity,  but  still  small  as  compared  with  m,  it  will 
be  sufficiently  accurate  to  write 

^  =  —  (1  +  6C).  [Eq.  29] 

nm 

This  equation  errs  on  the  safe  side  for  all  values  of  C. 

Occasionally  a  group  of  rivets  under  eccentric  load  is  forced  to  rotate 
about  a  point  near  the  top  or  bottom  of  the  said  group,  rather  than  at 
its  mid-point.  In  such  a  case  the  moment  of  inertia  of  the  group  should 
be  taken  about  this  point  of  rotation,  the  distances  r  in  Equations  2  and 
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3  being  likewise  measured  thereform.  If  the  rivets  are  evenly  spaced, 
and  771  =  1,  the  moment  of  inertia  of  the  group  about  a  point  located  at 

a  distance  —  beyond  the  end  rivet  is  -—  (n^  —  }4)p^;  and  the  distance  of 
2  3 

the  extreme  rivet  from  this  same  point  is  (w  —  H)  p.  Substituting  these 
values  in  Eq.  2,  we  have,  since  Sx  =  Si,, 

n  {n^  —  yQ  V         n  (n  +  3^)  p 

= approximately.  [Eq.  31] 

The  last  equation  is  sufficiently  accurate  for  all  purposes.  It  evidently 
errs  slightly  on  the  side  of  safety.  The  total  stress  in  the  extreme  rivet 
is  then  given  by  the  formula, 

5  =  — \1+;T^-  [Eq.32] 

A  group  of  rivets  is  frequently  acted  upon  by  a  moment  perpendicular 
to  its  plan.e,  the  effect  thereof  being  to  produce  tension  in  certain  of  the 
rivets.  In  such  a  case  the  F-axis  can  be  taken  in  the  plane  of  the  rivet 
group  perpendicular  to  the  axis  of  the  moment,  and  the  X-axis  perpen- 
dicular to  the  plane  of  the  group.  The  value  of  S^  is  given  by  Equation 
6.  Sy  is  zero,  because  x  is  zero  for  all  of  the  rivets.  For  an  even  spacing 
of  rivets,  either  Equation  18  or  Equation  31  can  be  employed,  the  latter 
being  the  one  usually  applicable.  If  there  are  several  rows  of  rivets,  it 
will  be  necessary  to  divide  the  results  given  by  the  above  equations  by 
the  number  of  rows.  If  the  moment  under  consideration  be  due  to  a 
force  which  has  a  component  perpendicular  to  the  plane  of  the  group, 
the  stresses  produced  thereby  in  the  rivets  can  be  found  by  means  of 
Equation  1  or  Equation  16. 

If  a  rivet  group  be  subjected  to  forces  which  produce  moments  both 
in  the  plane  of  the  group  and  perpendicular  thereto,  the  two  effects  are 
to  be  computed  separately.  Moments  in  the  plane  of  the  group  will 
produce  shearing  stresses  in  the  various  rivets,  and  those  perpendicular 
to  the  said  plane  will  produce  tensile  stresses.  Forces  acting  parallel  to 
the  plane  of  the  rivets  cause  shearing  stresses,  and  those  acting  at  right 
angles  thereto  cause  tension  or  release  of  tension. 

Another  detail  that  should  receive  the  careful  attention  of  the  designer 
is  that  of  web  sphces  in  plate  girders  which  are  often  figured  for  vertical 
shear  only.  In  such  a  case  they  are  likely  to  be  very  weak  in  certain 
respects.  The  correct  method  of  designing  such  spUces  is  explained  fully 
in  Chapter  XXI. 

The  lack  of  stiffeners  at  ends  of  I-beam  spans  (omitted  because  the 
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web  theoretically  is  strong  enough  without  them)  prevents  a  proper  dis- 
tribution of  load  over  both  the  web  and  the  masonry. 

Failure  to  consider  the  longitudinal  shear  in  ties  and  other  wooden 
beams  and  the  tendency  to  crush  the  timber  across  the  grain  at  bearings 
often  involves  faulty  detailing.  In  such  members  as  ties,  the  actual  unit 
shear  \vill  frequently  be  much  less  than  that  given  by  the  theoretically 

1.5  F 
correct  formula  v  =  ^— r^,  in  which  v  is  the  maximum  umt  shear — either 
od 

horizontal  or  vertical, — V  the  total  shear,  b  the  width  of  the  beam,  and 
d  its  depth.  For  one  thing,  the  rail  msiy  be  so  close  to  the  stringer  that 
shearing  action  can  hardly  develop;  and  if  the  rail  base  extends  past  the 
edge  of  the  stringer  flange,  the  correct  value  of  V  will  be  less  than  the 
load  from  the  rail.  Also,  a  tie  always  extends  some  distance  past  the 
centre  of  a  stringer,  usually  a  foot  or  more;  and  this  portion  of  the  tim- 
ber will  be  subjected  to  horizontal  shearing  stresses,  which  will  act  to 
relieve  those  in  the  portion  between  the  rail  and  the  stringer.  For  in- 
stance, suppose  that  we  have  under  consideration  an  8"  X  10"  tie  (nom- 
inal dimensions),  for  which  the  distance  from  the  centre  of  the  rail  to  the 
centre  line  of  stringer  is  12"  and  the  end  overhang  is  1'  —  6",  the  shear 
in  the  portion  between  the  rail  and  the  stringer  being  17,000  pounds. 

The  maximum  unit  shear  would  be,  theoretically,       '  '   ,  or  360 

I  .o  X  y.o 

pounds  per  square  inch.  This  assumes  that  the  effective  length  for  resist- 
ing this  shear  is  the  distance  from  the  centre  line  of  rail  to  the  centre 
Une  of  stringer,  or  12";  but  in  reality  this  effective  length  is  12"  plus  a 
certain  amount  of  the  18"  overhang.  The  proportion  of  this  overhang 
that  should  be  counted  in  is  uncertain,  being  practically  the  entire  amount 
for  short  overhangs,  and  gradually  reducing  in  percentage  thereof  as  the 
length  of  the  projection  increases.  For  the  case  in  hand  12",  or  two- 
thirds  of  the  overhang,  will  probably  be  a  fair  value;    and  under  this 

^    1    ,         -1.  1     17,000  X  1.5  12 

assumption  we  hnd  the  umt  shear  to  be  —  X  ,  or  180 

/.o  X  y.o       LZ  ~x~  ijf 

pounds  per  square  inch.  This  figure  must,  of  course,  be  considered 
approximate. 

In  determining  the  rivet  spacing  in  the  loaded  flanges  of  railway 
stringers  and  girders,  the  ignoring  of  the  vertical  shear  on  the  rivets 
often  causes  them  to  be  seriously  overloaded.  The  correct  method  of 
computing  the  rivets  under  these  conditions  is  given  in  Chapter  XXI. 

Fillers  under  ends  of  stringers  should  not  be  put  in  loose,  but  should 
be  attached  by  two  outside  lines  of  rivets.  The  loose  ])lates  prevent  the 
rivets  from  acting  effectively  and  tend  to  overstress  them  in  bending. 

In  figuring  the  size  of  any  timber  beam  to  resist  a  given  bending  mo- 
ment, Fig.  IG/i  will  obviate  the  necessity  of  making  any  computations. 
This  diagram  was  prepared  by  using  the  actual  dimensions  of  the  timbers, 


DETAILING    IN    GENERAL 


'Mi 


hence  in  entering  it  the  actual  or  net  sizes  should  be  employed  rather 
than  the  nominal  ones.  The  difference  between  these  is  one-quarter  {}4) 
inch  up  to  all  dimensions  of  four  (4)  inches,  three-eighths  {%)  of  an  inch 


^/^St^ 


Fig.  l&h.     Diagram  for  Designing  Timber  Beams. 


for  those  between  four  (4)  and  six  (6)  inches,  and  one-half  (3^)  inch  for 
those  exceeding  six  (6)  inches.  To  show  the  application  of  the  double 
set  of  curves,  let  us  assume  that  a  timlier  beam  capable  of  sustaining 
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properly  an  intensity  of  1,600  pounds  on  the  extreme  fibre  has  to  resist 
a  bending  moment  from  live  load,  impact,  and  dead  load  equal  to  100,000 
foot-pounds. 

From  the  lower  right-hand  comer  on  the  1,600  horizontal  line  pass 
horizontally  to  the  left  imtil  the  100,000  curve  is  reached;  and  from  the 
point  of  intersection  thereof  pass  vertically  upward  to  any  desired  width- 
curve,  and  then  horizontally  to  the  left  where  the  reading  at  the  border  of 
the  sheet  will  give  the  net  depth.  If  a  10'^  gross  width  be  assumed,  a  9^" 
net  width  will  require  a  22"  net  depth  or  a  223^"  gross  depth,  or  a  timber 
10"  X  24",  which  is  usually  not  a  commercial  section.  Let  us  try  a  12" 
gross  width,  making  the  net  width  113^".  This  will  give  a  net  depth 
of  20"  or  a  gross  depth  of  203^",  requiring  a  12"  X  22"  timber,  which 
would  be  a  good  section,  if  the  22"  timbers  are  procurable.  If  not,  we 
should  try  a  14"  gross  width,  which  would  give  183^"  net  depth  or  18^" 
gross  depth,  necessitating  a  14''  X  20"  stick.  If  this  be  too  deep  for 
commercial  reasons,  we  should  try  a  16"  width  and  employ  two  sticks; 
hence  the  moment  would  be  50,000  foot-pounds  per  stick,  requiring  for 
a  net  width  of  73^"  a  net  depth  of  173^2"  or  a  gross  depth  of  18",  hence 
two  8"  X  18"  timbers  would  be  required.  This  section  in  most  cases 
would  afford  the  best  solution  of  the  problem. 

The  shoe  of  a  girder  or  truss  or  the  base-plate  of  a  column  is  frequently 
subjected  to  an  overturning  moment  as  well  as  to  a  direct  load,  in  which 
case  it  becomes  necessary  to  compute  the  maximum  pressures  on  the 
masoruy,  and  frequently  also  the  stresses  in  the  anchor-bolts.  If  the 
moment  is  so  small  that  anchor-bolts  are  theoretically  unnecessary,  the 
problem  is  quite  simple;  but  if  the  bolts  are  under  tension,  an  exact 
analysis  is  impossible.  In  an  article  by  R.  Fleming,  Esq.,  C.E.,  in  Engi- 
neering News  of  April  30,  1914,  there  are  presented  six  different  methods 
of  calcula+ing  the  stresses  in  anchor-bolts  of  chimneys  and  stacks,  which 
give  widely  varying  results.  The  editorial  discussion  that  accompanies 
the  article  is  especially  valuable,  as  it  points  out  that  the  stresses  will 
depend  largely  upon  such  practical  considerations  as  the  rigidity  of  the 
shoe  or  base-plate,  the  deformation  of  the  masonry,  the  stretch  of  the 
anchor  bolts,  and  the  amount  which  the  anchor  bolt  nuts  have  been 
tightened.  As  all  of  these  factors  are  more  or  less  indeterminate,  it  is 
evident  that  an  approximate  solution  only  of  the  problem  is  possible. 
However,  certain  assumptions  can  be  made  which  w\\\  give  results  that 
are  sufficiently  exact.  An  analysis  that  will  apply  to  ordinary  shoes  and 
base-plates  is  herewith  presented. 

Suppose  the  base-plate  shown  in  Fig.  16i  to  be  acted  upon  by  a  cen- 
tral force  P  and  a  moment  M;   or,  what  amounts  to  the  same  thing,  by 

M 
a  force  P  with  an  eccentricity  e  equal  to  -5-.     Suppose  further  that  the 

base-plate  be  assumed  to  remain  straight.  There  are  then  five  cases  to 
be  considered. 
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Ca^e  I.     P  acting  dowTiward,  and  e  <—. 

In  this  case  there  is  no  uplift  at  any  point  of  the  base-plate.  The 
maximum  intensity  of  pressure  on  the  masonry,  fc,  is  given  by  the  well- 
known  formula, 

Anchor  bolts  are  theoretically  unnecessary;  and  if  they  are  used  to  pro- 
vide an  additional  factor  of  safety  against  overturning,  the  unit  tension 
therein  is  certain  to  be  very  low. 

Case  II.     P  acting  downward,  and  e  >  -x-,  but  <  — - — 

In  this  case  the  base-plate  tends  to  lift  from  the  masonry  over  a  part 
or  all  of  the  space  between  the  bolts  on  the  windward  side  of  the  shoe 
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Fig.  16r.     Layout  of  Base-Plate  and  Anchor  Bolts. 


and  the  adjacent  edge  thereof.  It  will  be  on  the  side  of  safety  to  assume 
the  tension  in  these  anchor-bolts  to  be  zero,  whence  we  find  for  the  value 
of  /c  the  expression, 

2P 


fc 


36 


(4  -  ^) 


[Eq.  34] 


As  in  Case  I,  there  is  no  need  of  figuring  the  stresses  in  the  anchor-bolts. 

2h-  a 


Case  III.     P  acting  downward,  and  e  > 


6 


In  this  case  the  shoe  will  tend  to  lift  from  the  masonry  at  the  bolts 
near  the  windward-edge,  and  these  bolts  will  come  into  play  unless  the 
nuts  thereof  have  been  left  loose,  which  condition  can  exist  only  through 
carelessness.  If  we  assume  that  the  nuts  just  begin  to  bear  on  the  base- 
plate at  the  instant  when  the  masonry  pressure  at  the  point  where  the 
bolts  are  located  reduces  to  zero,  the  conditions  will  be  analogous  to 
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those  existing  in  a  reinforced  concrete  beam  under  combined  bending 

and  direct  longitudinal  stress,  ^vith  reinforcement  on  the  tension  side  only 

Fig.  37m  gives  curves  for  the  calculation  of  stresses  in  such  beams      This 

diagram  could  be  applied  directly  if  we  could  assume  that  the  nuts  were 

just  at  the  elevation  of  the  bottom  of  the  base-plate,  and  that  the  unit 

stresses  m  both  the  concrete  and  the  bolts  either  remain  constant  for 

some  distance  below  the  bottom  of  the  base-plate,  or  else  decrease  in  the 

same  ratio;    for  Equation  93  of  Chapter  XXXVII  is  based  upon  these 

assumptions.     It  will  be  found,  however,  that  the  unit  compression  in 

the  concrete  will  reduce  very  rapidly  as  we  go  downward,  while  the  unit 

tension  m  the  bolts  will  decrease  more  slowly.     This  condition  will  have 

the  same  effect  upon  the  position  of  the  neutral  axis  as  though  the  width 

of  the  beam  (which  we  may  call  b')  were  considerably  greater  than  the 

width  of  the  base-plate  b,  and  as  though  the  unit  pressure  in  the  concrete 

(which  we  may  call  /,)  were  Ukewise  less  than  the  unit  pressure  /,  under 

the  base-plate,  the  ratio  ^^  being  equal  to  ^.    We  may,  therefore,  utilize 

Fig.  37m  by  entering  it  with  a  steel  ratio  p  given  by  the  formula. 

As 
P  =  b^'  [Eq.  35] 

(in  which  A,  is  the  total  area  of  the  anchor  bolts  near  one  edge  of  the 
base-plate),  rather  than  with  a  ratio  based  upon  the  width  b.  The  dis- 
tance e'[=  e-\-~)  is  next  figured,  and  then  the  ratio  ~  is  found      The 

e 
value  of  R  is  computed  by  the  formula, 

Pe' 
^=^r  [Eq.  36] 

We  then  enter  the  diagram  on  the  upper  left-hand  margin  with  the  value  of 
d 
■^,  trace  horizontally  over  to  the  curve  for  the  value  of  p,  and  from  this 

intersection  trace  vertically  down  to  the  value  of  R  (found  by  tracing 
across  from  the  lower  left-hand  margin).  The  values  of/',  and  /,  at  this 
ast  intersection  point  are  then  read  by  means  of  the  two  sets  of  diagonal 
lines,  and  the  value  of  /,  is  figured  by  the  formula, 

Jc=fc-Y-  [Eq.  37] 

The  correct  value  of  the  ratio  —  is  unknown,  but  for  ordinary  cases 

it  will  probably  lie  somewhere  between  1.5  and  2,  the  former  value  being 
the  better  when  the  bolts  are  embedded  for  nearly  their  full  length,  and 
the  latter  when  a  considerable  portion  thereof  projects  above  the  concrete 
It  will  be  found  that  a  considerable  change  in  this  ratio  will  not  affect 
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materially  the  values  of  X-  i^i^^l  /«•     For  instance,  in  the  illustrative  prob- 

b' 
lem  given  below,  —  was  assumed  as  2,  and  the  resulting  values  of  fc  and 

A  were  550  and  2700.     If    ,    had  been  taken  as  1.5,  we  should  have  had 

h' 
p  =  0.44%,  R  =  88,  /',  -  350,  /,.  =  580,  and  /,  =  3000.     If  —  had  l)een 

assumed  to  be  2.5,  we  should  have  had  p  =  0.26%,  R  =  53,  /',  =  225, 

fc  =  560,  and  fs  =  2400.     If  —  had  been  taken  as  unity,  we  should  have 

had  p  =  0.66%,  R  =  132,  /',  =  fc  =  500,  and  /«  =  3400. 

The  area  As  should  be  the  gross  area  of  the  bolts,  so  that  the  value 
of  fs  obtained  in  the  above  manner  is  that  on  the  gross  section.  If  the 
bolts  are  not  upset,  the  unit  stress  at  the  root  of  the  thread  can  be  easily 
computed  from  the  value  of  /g. 

Case  IV.     P  acting  upward,  and  e  <-^' 

In  this  case  we  can  assume  the  anchor  bolts  to  take  the  entire  load, 
the  maximum  stress  T  in  the  bolt  or  bolts  in  one  side  of  the  base-plate 
being  given  by  the  formula, 

Case  V.     P  acting  upward,  and  e  >  — . 

In  this  case  there  will  be  tension  on  the  bolt  or  bolts  in  one  side  of  the 
base-plate,  and  compression  on  the  masonry  along  the  opposite  edge 
thereof.     This  case  can  be  solved  in  the  same  manner  as  Case  III,  using 

the  dotted  curves  for  p  in  Fig.  37m,  and  reading  the  values  of  —r  from 

e 

the  figures  given  in  parentheses  along  the  left-hand  margin.  The  value 
of  e'  is  negative  in  this  case.  This  method  gives  the  unit  stresses  in  both 
the  concrete  and  the  anchor  bolts. 

The  stresses  in  the  anchor  bolts  can  also  be  found  by  the  following 
approximate  method.  It  will  be  noticed  that  the  compression  area  will 
hardly  ever  extend  over  a  width  as  great  as  three-tenths  of  d  (k  being 
usually  less  than  0.3),  so  that  it  will  be  on  the  side  of  safety  to  assume 
that  the  compressive  forces  are  concentrated  at  a  point  located  at  a  dis- 

tance  —  from  the  edge  of  the  base-plate.     The  tension  in  the  anchor  bolt 

or  bolts  can  then  be  found  by  taking  moments  about  this  assumed  centre 

9 
of  the  compressive  forces,  and  dividing  by  —  d.     This  gives  us,  for  the 
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stress  T  in  the  bolt  or  bolts, 

To  illustrate  the  application  of  the  above  methods,  let  us  assume  a 
base  for  which 

h  =  60", 

h  =  50", 

a  =  40", 
and  As  =  18  sq.  in., 

and  design  it  for  five  different  conditions  of  loading,  so  chosen  as  to  rep- 
resent each  of  the  five  cases  above  discussed.  We  shall  assume  the  an- 
chor bolts  to  extend  some  distance  above  the  base-plates,  and  to  be  upset. 

Case  I. 

P  =  1,200,000  lbs.  (acting  downward). 
M  =  8,000,000  in.-lbs. 
.-.  e  =  6.7". 

yQh  =  8.33".     .'.  e  <|-. 
6 

.       ^  1,200,000/         6  X  6.7\ 
"•''  ~   60  X  50  V  50     /' 

=  400  (1  +  0.8)  =  720  lbs.  per  sq.  in. 
Case  II. 

P  =  850,000  lbs.  (acting  downward). 
M  =  8,000,000  in.-lbs. 
.'.  e  =  9.4". 
%h  =  8.33". 

2h-a       100-40       ,^,,       .       ^h       ,      2h  -  a 
^-  =  —^-=10".     ..e>-and<— ^. 

.    ,  2  X  850,000  ^_  _  „ 

•'^^  =  3  X  60  (25  -  9.4)  =  ^^'  ^^^^  ^^^  ^^^  ^^• 

Case  in. 

P  =  400,000  lbs.  (acting  downward). 
M  =  8,000,000  in.-lbs. 
.-.  e  =  20". 
2h-a       100-40       ,^,,       .  2h-a 

-^  =  —6^  =  ^^'     "'>^' 

d  =  20  +  25  =  45. 
e'  =  20  +  20  =  40. 

■••  4  =  ^  =  1.125. 

e        40 

Assume    -^  =   2.      .".  6'  =  2  X  60  =  120. 

0 
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IS 
^'  =  12^^  =  ^•^^%- 
„       400,000  X  40 
^  =    120  X  (45)'^    -  ^^- 
.*./'(.  =  275  lbs.  per  sq.  in., 

/^  =  2  X  275  =  550  lbs.  per  sq.  in., 
and  fs  =  2,700  lbs.  per  sq.  in. 


Case  IV. 


P  =  300,000  lbs.  (acting  upward). 
M  =  3,000,000  in.-lbs. 
.-.  e  =  10". 

a/2  =  20".     .-.  e  <y. 


/.  =  f^"0  +  i)  =  i2-5»'b-p-«'-- 


Case  V. 


2  X  18   V         40 

P  =  160,000  lbs.  (acting  upward). 
M  =  8,000,000  in.-lbs. 
\e  =  50". 


a 
~2 

=  20".     .-.  e  >|-. 

Exact  Method. 

d 

=  20  +  25  =  45. 

e' 

=  20  -  50  =    -  30, 

d 
e' 

~  -30  ~       ^•^- 

Assume    -r  =  2.     .-.  6'  =  2  X  60  =  120. 

0 

18 

^'  -  12(^X15  =  '■''^- 

160,000  X  30 

^  ~  120  X  (45)2  ~  ^^•^• 

.'./'c  =  230  lbs.  per  sq.  in., 

/,  =  2  X  230  =  460  lbs.  per  sq.  in., 

and  /g  =  15,000  lbs.  per  sq.  in.  nearly. 

Approximate  Method. 

d  =  20  +  25  =  45. 

.  e'  =  20  -  50  =  -  30. 

.  160,000  (30  +  0.9  X  45)       ....... 

•  •  ^  = 09X15 =  ^^^'^^^  ^^'- 

279  000 
and  fa  =  — T^ —  =  15,500  lbs.  per  sq.  in. 

lo 


aio 
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To  facilitate  further  the  work  of  detaihng,  a  number  of  tables  which 
at  various  times  the  author  has  prepared,  and  which  he  has  found  quite 
useful  in  his  practice,  will  now  be  given. 

In  Tables  16a  to  IQd  inclusive,  there  is  presented  much  information 
of  value  concerning  wire  ropes  and  their  details.  Table  16o  gives  the 
weight  per  lineal  foot,  area,  ultimate  strength,  and  elastic  limit  for  plow 
steel  rope  of  six  strands  of  nineteen  wires  each  and  a  hemp  centre,  vary- 
ing from  one-quarter  inch  to  three  inches  in  diameter.  Table  166  shows 
the  bending  stresses  on  these  ropes  over  sheaves  varying  in  diameter 
from  ten  to  two  hundred  and  sixteen  inches.  For  each  rope  there  are 
given  values  for  all  the  sheave  diameters  over  which  they  are  likely  to 
run.  Table  16c  indicates  for  open  sockets  the  various  dimensions  thereof 
for  connecting  the  ropes  of  different  diameters.  Table  IQd  gives  like 
information  for  closed  sockets. 

TABLE  16o 
Properties  of  6  X  19  Plow  Steel  Wire  Ropes. 


Weight  per 

Area 

Ultimate 

Elastic 

Rope  Diameter 

Lineal  Foot 

(Square 

Strength 

Limit 

(Inches) 

(Pounds) 

Inches) 

(Pounds) 

(Pounds) 

H 

.10 

.025 

6,000 

3,000 

y% 

.22 

.056 

12,000 

7,000 

Vi 

.39 

.100 

21,000 

l.J,U.X 

% 

.62 

.156 

32,000 

20,000 

Yi 

.89 

.225 

46,000 

28,000 

y% 

1.20 

.306 

63,000 

37,0C0 

1 

1.58 

.400 

81,000 

48,0l;() 

13^ 

2.00 

.506 

101,000 

61,0C0 

1^ 

2.45 

.625 

124,000 

74,000 

W% 

3.00 

.756 

151,000 

90,000 

IH 

3.55 

.900 

175,000 

106,000 

1^ 

4.15 

1.056 

202,000 

121.000 

IM 

4.85 

1.225 

233,000 

140,000 

VA 

5.55 

1.406 

264,000 

158,000 

2 

6.30 

1.600 

298,000 

179,000 

1M 

8.00 

2.025 

373,000 

224,000 

23^ 

9.85 

2.500 

455,000 

273,000 

2M 

11.95 

3  025 

545,000 

328,000 

3 

14.22 

3.600 

641,000 

385,000 

In  Table  16e  will  be  found  the  pitch  diameters  for  gears  with  circular 
pitches,  varying  from  one-eighth  of  an  inch  to  six  inches  and  having  a 
total  number  of  teeth  varying  from  twelve  to  ninety-nine. 

Tables  16/  and  Vog  record  the  intensities  of  working  stresses  for  com- 
pression members  of  carbon  steel  with  both  fixed  ends  and  hinged  ends. 

Table  16/i  gives  the  intensities  of  working  stresses  for  forked  ends 
and  extension-plates  of  compression  members  built  of  carbon  steel. 

Shearing  and  bearing  values  of  carbon  steel  rivets  are  recorded  in 
Table  16i. 
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TABLE  166 
Bending  Stresses  in  6  X  19  Wire  Ropes. 


Sheave 

Rope  Diameter 

Diameter, 
Inches 

1,120 
940 
750 
630 
570 
470 

H" 

Vi" 

W 

?4"' 

Vs" 

1" 

1 H" 

IH" 

IH" 

iy2" 

10 

12 

3,130 
2,520 
2,110 
1,900 
1,590 
1,280 

7,350 
5,920 
4,960 
4,480 
3,750 
3,000 
2,510 

15 

1 1,480 
9,630 
8,710 
7,280 
5,850 
4,900 
4,410 
4,200 

18 

16,520 

14,950 

12,550 

10,070 

8,450 

7,620 

7,250 

6,630 

6,360 

20 

24 

30 

15,900 

13,320 

12,050 

11,500 

10,500 

10,060 

9,720 

8,650 

8,070 

7,380 

6,750 

6,410 

5,800 

36 

40 

17,900 

17,100 

15,620 

14,960 

14,400 

12,800 

12,050 

11,000 

10,050 

9,550 

8,690 

7,580 

42 

24,200 
22,250 
21,300 
20,400 
18,300 
17,100 
15,600 
14,300 
13,600 
12,300 
10,770 
9,580 

46 

48 

50 

28,100 
25,600 
23,500 
21,300 
19,500 
18,550 
16,850 
14,750 
13,110 
11,830 

33^380 
31,200 
28,400 
26,000 
24,700 
22,400 
19,700 
17,450 
15,700 
14,300 

56 

60 

40,284 

66 

36,700 

72 

33,700 

76 

32,000 

84 

29,000 

96 

25,450 

108 

22,650 

120 

20,400 

132 

18,520 

144 

17,050 

TABLE  166  {Continued) 
Bending  Stresses  in  6  X  19  Wire  Ropes. 


Sheave 

Rope  Diameter 

Inches 

iVs" 

28,750 
25,900 
23,600 
21,600 
20,000 
19,300 
18,600 
17,400 

IH" 

1>8" 

2" 

48i300 
43,800 
40,200 
37,200 
35,800 
34,600 
32,300 
30,300 
28,500 
26,900 

2H" 

2K" 

2H" 

2  li" 

2H" 

3" 

108 
120 
132 
144 
156 
162 
168 
180 
192 
204 
216 

35,800 
32,300 
29,700 
27,000 
24,900 
24,100 
23,200 
21,700 

39^700 
36,100 
33,200 
30,700 
29,600 
28,460 
26,600 

48^200 
44,600 
42,900 
41,400 
38,700 
36,400 
34,200 
32,300 

57,366 

52,800 
50,800 
49,100 
45,900 
43,000 
40,503 
38,300 

67^200 
62,103 
59,900 
57,800 
54,000 
50,600 
47,600 
45,000 

72^400 
69,803 
67,500 
63,000 
59,200 
55,600 
52,600 

89^600 
83,600 
78,600 
74,000 
70,000 

i08,206 

101,500 

95,700 

90,600 

In  Table  16;  are  given  the  bearing  values  of  carbon  steel  pins;  and 
in  Table  IQk  are  shown  the  allowable  bending  moments  thereon  for  both 
carbon  steel  and  nickel  steel.  The  reason  for  inserting  in  the  last-men- 
tioned table  a  colmnn  giving  the  bending  moments  on  pins  of  nickel 
steel,  while  no  other  tabulations  for  that  alloy  are  recorded  elsewhere  in 
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the  book,  is  that  nickel  steel  pins  are  occasionally  employed  in  carbon 
steel  bridges  in  order  to  reduce  diameters  which  otherwise  would  be  ex- 
cessive. Until  the  steel  manufacturers  and  the  bridge  shops  jointly  can 
determine  finally  upon  standard  specifications  for  the  qualities  of  the 
several  classes,  of  nickel  steel  required  in  bridgework,  it  would  be  useless 
labor  to  compute  a  set  of  tables  in  order  to  facilitate  the  designing  of 
nickel  steel  structures. 

In  the  detailing  of  substructure  the  most  common  fault  is  bringing 
the  bearing  from  the  span  too  close  to  the  edge  of  the  masonry  and  thus 
crushing  off  pieces  thereof.  Another  rather  common  fault  consists  in  de- 
signing piers  with  pile  foundation  by  putting  an  ice  break  on  the  up- 
stream end  and  no  corresponding  offset  at  the  lower  end,  with  the  result 
that  there  is  an  uneven  distribution  of  load  over  the  group  of  piles. 


TABLE  16c 
Detailed  Dimensions  for  Open  Sockets  for  Wire  Ropes. 

D 


y% 

Va 
Vs 

1 

1J4 

IVs 
\H 
IK 

2 

2H 
2ys 


2 
2 

2H 
3 

3H 
4 

^'A 
5 

6V^ 
lA 

lA 
SA 

9 
9 


Detail  Dimensions,  in  Inches 


IM 

2 

2A 

3 

SA 

4 

4H 
5 
5 

GA 
1. 

7 

7 

9 

9 
10 
10 


6H3 


W6 

IM 
lA 
IH 

9  JL 
-  16 
'>  5_ 

-le 
2JJ- 

2H 
3}4 

H 


D       EFGHIJKLMNOPQR 


4A 
4^ 

<Jl6 

6M 
711 

10/ 

lU. 

13A 
16K 

3^18143 
4  21'.,  I 
4     LMi..! 

4K-'33  2r") 

4 '2233210 


\% 

VA 
2A 
2A 
2H 
2H 

3M 

3M 
334 


1 

IM 
1^ 
1% 
2 

2H 
2^ 
H2M 
1K3M 


IK 
1^ 
IK 
13^ 
1 

1?4 
IK 
2 


A 


!5^ 


K 


IK 
13^ 
IK 

m 


_  2K2K 
K2342K 


3-4 

2^ 

2^ 
3^ 


33^ 

..3K 
iAi3K 

1K|4K2K|^4 


1 

m 

IK 
1^ 

2 

2K 
1. 


3 

3 

3K 
1. 


3K3K 
4 
4 


H 


K2K 


3K3K 

K3K3M 

4K 

3, 


K4K4^2K5K334 
K4K4M2K5K33i 


7, 

1 

n 

n 

u 

If. 

lA 

It 

IH 

Hi 

1. 


4K2K83^ 


lA 

IK 
1, 


23^2K 


2K 


7k 
73^ 

A 

2ysSH 


u 

IK 
IK 


5K5M 


7 
7 

7^4 

7^ 


IM 

■^16 

2K 

.  _3K 
K3K 


1 
If 

IK 
1 
2 
23^ 


6K6K3K7Ki4K 
i%6K6K3K7K4K 

33^8^4K 


y 

h 

43i 

14 


K 
1 

IK 
IK 
IK 

2 


4K2K 

2K 

1, 


4 

6K3K 

6K;3K 

K4K 

K4^- 

8K4K 

K5 
4K9K5 


A9V8\i 


COTTEK 


n 

IK 

lA 

IK 
2 

2K 
2K 
2K 

3K 
3K 
4 
4 

4^ 

43^ 

4Kl 

4K 

5K 

5K 


Weight 
Lbs. 


.88 


2.25 
3.75 
5.75 
10 


55 

55 

82 

82 

120 

120 

160 

160 
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The  subject  of  faulty  detailing  dwelt  upon  at  such  length  in  this 
chapter  might  be  carried  much  farther,  but  it  is  not  advisable  so  to  ex- 
tend it;  because  the  examples  given  will  generally  be  found  sufficient  to 
teach  the  designer  "how  not  to  do  it,"  while  a  careful  study  of  Chap- 
ter XV  on  "First  Principles  of  Designing"  will  enable  him  to  adopt 
methods  of  detailing  that  will  not  vary  greatly  from  those  which  are 
ideally  correct. 

Should  any  one  desire  to  study  exhaustively  the  methods  of  correct 
designing  of  the  details  for  ordinary  railway  and  highway  bridge  super- 
structures, he  can  do  no  better  than  to  read  Prof.  John  E.  Kirkham's 
excellent  treatise  on  "Structural  Engineering."  While  evidently  written 
for  the  purpose  of  class-room  instruction,  it  is  well  worthy  of  perusal  by 
practising  engineers. 


TABLE  16d 
Detailed  Dimensions  for  Closed  Sockets  for  Wire  Ropes. 


a 

Detail  Dimensions,  in  Inches 

So 

Weight, 

«tf 

Lbs. 

Q 

A 

B 

c 

D 

E 

F 

G 

H 

/ 

J 

Tlf 

Q 

R 

s 

T 

t/ 

1/ 

H^ 

H 

m 

2 

y?. 

414 

Vh 

5 

16 

13 
16 

5 

16 

_27_ 

^ 

14 

34 

H 

34 

IYh 

15 
16 

4 

3^ 

0.66 

Vh 

\% 

2 

y?. 

4K 

y^ 

T^ 

H 

7 

f^V 

47 

64 

14 

«4 

48 

48 

148 

15 
16 

48 

4^ 

0.66 

¥i 

2 

2H 

A 

41* 

"^M 

«/8 

1 

16 

f'6 

15 
16 

lU 

^ 

K 

7 

16 

If* 

liA 

48 

1t^ 

1.1 

% 

2^2 

2^2 

JUL 
16 

5H 

1t^ 

7 
16 

1J4 

11 
16 

IJl 
64 

13^ 

2tV 

K 

48 

4 

9  5 

^T6 

IM 

A 

li^ 

1.8 

Vx 

3 

3 

13 
16 

m 

1t^ 

H 

m 

^ 

3^ 

IM 

2t^ 

% 

ll^ 

48 

9JJI 
•^16 

IM 

16 

li^ 

3.2 

Vh 

3^2 

3^2 

1 

8 

IM 

M 

1^4 

15 
1  6 

^ 

IM 

3 

48 

14 

«4 

3A 

J^  32 

4 

lU 

5 

1 

4 

4 

1^8 

91/8 

21/8 

1  6 

2 

114 

5 

T6 

Wa 

34 

1 

14 

4 

348 

2fk 

4 

248 

8 

1^8 

4H 

4^2 

IK 

1014 

2=K8 

25. 
32 

214 

114 

^ 

m 

'i¥f 

148 

i«4 

15 
16 

44 

2.V 

16 

248 

11^ 

1^ 

5 

5 

1^ 

11^ 

2V^ 

^8 

2H 

1»4 

p 

2t^ 

4»4 

14 
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1 

448 

248 

A 

248 

151^ 

m 

5 

5 

ll^ 

11  -5- 
ii  16 

2V^ 

^8 

214 

114 

M 

2fk 

4^.^ 

14 

2 

1 

448 

248 

5 

248 

15;^ 

VA 

t) 

^y?. 

ly?. 

14 

31/^ 

1t^ 

3 

1^8 

4^ 

254 

514 

14 

24 

14 

548 

3^ 

48 

34 

25^ 

1% 

t) 

6K2 

ly?. 

14 

31/^ 

1^ 

3 

1^4 

7 

Tfi 

254 

514 

14 

24 

14 

548 

3^ 

48 

348 

25M 

Wx 

I'A 

71^ 

2tk 

17  H 

3«4 

li^ 

4 

148 

^4 

3^4 

6^8 

14 

3 

lA 

6M 

4 

48 

348 

53 

2 

SH 

8U 

2^ 

19^4 

4«/8 

li^ 

434123^ 

13. 
16 

3^4 

74 

24 

34 

14 

TV, 

448 

4 

348 

80 

2M 

"d 

9^ 

2K 

21^ 

5 

1^ 

5H2H 

M 

4 

8K 

242 

348 

148 

842 

448 

48 

4 

105 
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No. 

of 

Teeth 

Circular  Pitch 

IN  Inches 

No. 

of 

Teeth 

Vs 

H 

H 

Vl6 

H 

Vs 

H 

H 

12 

.4775 

.9549 

1.432 

1.671 

1.910 

2.387 

2.865 

3.342 

12 

13 

.5173 

1.035 

1.552 

1.810 

2.069 

2.586 

3.104 

3.621 

13 

14 

.5570 

1.114 

1.671 

1.950 

2.228 

2.785 

3.342 

3.899 

14 

15 

.5968 

1.194 

1.790 

2.089 

2.387 

2.984 

3.581 

4.178 

15 

16 

.6366 

1.273 

1.910 

2.228 

2.546 

3.183 

3.820 

4.456 

16 

17 

.6764 

1.353 

2.029 

2.367 

2.706 

3.382 

4.058 

4.735 

17 

18 

.7162 

1.432 

2.149 

2.507 

2.865 

3.581 

4.297 

5.013 

18 

19 

.7560 

1.512 

2.268 

2.646 

3.024 

3.780 

4.536 

5.292 

19 

20 

.7958 

1.592 

2.387 

2.785 

3.183 

3.979 

4.775 

5.570 

20 

21 

.8356 

1.671 

2.507 

2.924 

3.342 

4.178 

5.013 

5.849 

21 

22 

.8754 

1.751 

2.626 

3.064 

3.501 

4.377 

5.252 

6.127 

22 

23 

.9151 

1.830 

2.745 

3.203 

3.661 

4.576 

5.491 

6.406 

23 

24 

.9549 

1.910 

2.865 

3.342 

3.820 

4.775 

5.730 

6.685 

24 

25 

.9947 

1.989 

2.984 

3.482 

3.979 

4,974 

5.968 

6.963 

25 

26 

1.035 

2.069 

3.104 

3.621 

4.138 

5.173 

6.207 

7.242 

26 

27 

1.074 

2.149 

3.223 

3.760 

4.297 

5.371 

6.446 

7.520 

27 

28 

1.114 

2.228 

3.342 

3.899 

4.456 

5.570 

6.685 

7.799 

28 

29 

1.154 

2.308 

3.462 

4.039 

4.615 

5.769 

6.923 

8.077 

29 

30 

1.194 

2.387 

3.581 

4.178 

4.775 

5.968 

7.162 

8.356 

30 

31 

1.233 

2.467 

3.700 

4.317 

4.934 

6.167 

7.401 

8.634 

31 

32 

1.273 

2.546 

3.820 

4.456 

5.093 

6.366 

7.639 

8.913 

32 

33 

1.313 

2.626 

3.939 

4.596 

5.252 

6.565 

7.878 

9.191 

33 

34 

1.353 

2.706 

4.058 

4.735 

5.411 

6.764 

8.117 

9.470 

34 

35 

1.393 

2.785 

4.178 

4.874 

5.570 

6.963 

8.356 

9.748 

35 

36 

1.432 

2.865 

4.297 

5.013 

5.730 

7.162 

8.594 

10.027 

36 

37 

1.472 

2.944 

4.417 

5.153 

5.889 

7.361 

8.833 

10.305 

37 

38 

1.512 

3.024 

4.536 

5.292 

6.048 

7.560 

9.072 

10.584 

38 

39 

1.552 

3.104 

4.655 

5.431 

6.207 

7.759 

9.311 

10.862 

39 

40 

1.592 

3.183 

4.775 

5.570 

6.366 

7.958 

9.549 

11.141 

40 

41 

1.631 

3.263 

4.894 

5.710 

6.525 

8.157 

9.788 

11.419 

41 

42 

1.671 

3.342 

5.013 

5.849 

6.685 

8.356 

10.027 

11.698 

42 

43 

1.711 

3.422 

5.133 

5.988 

6.844 

8.555 

10.265 

11.976 

43 

44 

1.751 

3.501 

5.252 

6.127 

7.003 

8.754 

10.504 

12.255 

44 

45 

1.790 

3.581 

5.371 

6.267 

7.162 

8.952 

10.743 

12.533 

45 

46 

1.830 

3.661 

5.491 

6.406 

7.321 

9.151 

10.982 

12.812 

46 

47 

1.870 

3.740 

5.610 

6.545 

7. 480 

9.350 

11.220 

13.090 

47 

48 

1.910 

3.820 

5.730 

6.685 

7.639 

9.549 

11.459 

13.369 

48 

49 

1.950 

3.899 

5.849 

6.824 

7.799 

9.748 

11.698 

13.648 

49 

50 

1.989 

3.979 

5.968 

6.963 

7.958 

9.947 

11.937 

13.926 

50 

51 

2.029 

4.058 

6.088 

7.102 

8.117 

10.146 

12.175 

14.205 

51 

52 

2.069 

4.138 

6.207 

7.242 

8.276 

10.345 

12.414 

14.483 

52 

53 

2.109 

4.218 

6.326 

7.381 

8.435 

10.544 

12.653 

14.762 

53 

54 

2.149 

4.297 

6.446 

7.520 

8.594 

10.743 

12.892 

15.040 

54 

Outside  diameter  of  any  gear  is  equal  to  the  pitch  diameter  of  a  similar  gear  with 
two  additional  teeth. 

Inside  diameter  of  any  gear  is  equal  to  the  pitch  diameter  of  a  similar  gear  with 
two  less  teeth,  minus  the  clearance. 

These  two  rules  do  not  hold  for  gears  with  less  than  17  teeth. 
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TABLE  IGe  (Continued) 
Pitch  Diameters  of  Gears  for  Circular  Pitch. 


No. 

Circular  Pitch  in  Inches 

No. 

of 

Teeth 

of 
Teeth 

Vb 

J  4 

H 

7/16 

H 

Vs 

?4 

,'  s 

55 

2.188 

4.377 

6.565 

7.659 

8.754 

10.942 

13.130 

15.319 

55 

56 

2.228 

4.456 

6.685 

7.799 

8.913 

11.141 

13.369 

15.597 

56 

57 

2.268 

4.536 

6.804 

7.937 

9.072 

11.340 

13.608 

15.876 

57 

58 

2.308 

4.615 

6.923 

8.077 

9.231 

11.539 

13,846 

16.154 

58 

59 

2.348 

4.695 

7.043 

8.216 

9.390 

11.738 

14.085 

16.433 

59 

60 

2.387 

4.775 

7.162 

8.356 

9.549 

11.937 

14.324 

16.711 

60 

61 

2.427 

4.854 

7.281 

8.495 

9.708 

12.136 

14.563 

16.990 

61 

62 

2.467 

4.934 

7.401 

8.634 

9.868 

12.335 

14.801 

17.268 

62 

63 

2.507 

5.013 

7.520 

8.773 

10.027 

12.533 

15.040 

17.547 

63 

64 

2.546 

5.093 

7.639 

8.913 

10.186 

12.732 

15 . 279 

17.825 

64 

65 

2.586 

5.173 

7.759 

9.052 

10.345 

12.931 

15.518 

18.104 

65 

66 

2.626 

5.252 

7.878 

9.191 

10.504 

13.130 

15.756 

18.382 

66 

67 

2.666 

5.332 

7.998 

9.330 

10.663 

13.329 

15.995 

18.661 

67 

68 

2.706 

5.411 

8.117 

9.470 

10.823 

13.528 

16.234 

18.939 

68 

69 

2.745 

5.491 

8.236 

9.609 

10.982 

13.727 

16.473 

19.218 

69 

70 

2.785 

5.570 

8.356 

9.748 

11.141 

13.926 

16.711 

19.496 

70 

71 

2.825 

5.650 

8.475 

9.888 

11.300 

14.125 

16.950 

19.775 

71 

72 

2.865 

5.730 

8.594 

10.027 

11.459 

14.324 

17.189 

20.054 

72 

73 

2.905 

5.809 

8.714 

10.166 

11.618 

14.523 

17.427 

20.332 

73 

74 

2.944 

5.889 

8.833 

10.305 

11.777 

14.722 

17.666 

20.611 

74 

75 

2.984 

5.968 

8.952 

10.445 

11.937 

14.921 

17.905 

20.889 

75 

76 

3.024 

6.048 

9.072 

10.584 

12.096 

15.120 

18.144 

21 . 168 

76 

77 

3.064 

6.127 

9.191 

10.723 

12.255 

15.319 

18.382 

21.446 

77 

78 

3.104 

6.207 

9.311 

10.862 

12.414 

15.518 

18.621 

21.725 

78 

79 

3.143 

6.287 

9.430 

11.002 

12.573 

15.717 

18.860 

22.003 

79 

80 

3.183 

6.366 

9.549 

11.141 

12.732 

15.915 

19.099 

22.282 

80 

81 

3.223 

6.446 

9.669 

11.280 

12.892 

16.114 

19.337 

22.560 

81 

82 

3.263 

6.525 

9.788 

11.419 

13.051 

16.313 

19.576 

22.839 

82 

83 

3.302 

6.605 

9.907 

11.559 

13.210 

16.512 

19.815 

23.117 

83 

84 

3.342 

6.685 

10.027 

11.698 

13.369 

16.711 

20.054 

23.396 

84 

85 

3.382 

6.764 

10.146 

11.837 

13.528 

16.910 

20.292 

23.674 

85 

86 

3.422 

6.844 

10.265 

11.976 

13.687 

17.109 

20.531 

23.953 

86 

87 

3.462 

6.923 

10.385 

12.116 

13.846 

17.308 

20.770 

24.231 

87 

88 

3.501 

7.003 

10.504 

12.255 

14.006 

17.507 

21.008 

24.510 

88 

89 

3.541 

7.082 

10.624 

12.394 

14.165 

17.706 

21.247 

24.788 

89 

90 

3.581 

7.162 

10.743 

12.533 

14.324 

17.905 

21.486 

25.067 

90 

91 

3.621 

7.242 

10.862 

12.673 

14.483 

18.104 

21 . 725 

25.345 

91 

92 

3.661 

7.321 

10.982 

12.812 

14.642 

18.303 

21.963 

25.624 

92 

93 

3.700 

7.401 

11.101 

12.951 

14.801 

18.502 

22.202 

25.902 

93 

94 

3.740 

7.480 

11.220 

13.090 

14.961 

18.701 

22.441 

26.181 

94 

95 

3.780 

7.560 

11.340 

13.230 

15.120 

18.900 

22.680 

26.460 

95 

96 

3.820 

7.639 

11.459 

13.369 

15.279 

19.099 

22.918 

26.738 

96 

97 

3.860 

7.719 

11.579 

13.508 

15.438 

19.298 

23.157 

27.017 

97 

98 

3.899 

7.799 

11.698 

13.648 

15.597 

19.497 

23.396 

27.295 

98 

99 

3.939 

7.878 

11.817 

13.789 

15.756 

19.695 

23.635 

27.574 

99 

Outside  diameter  of  any  gear  is  equal  to  the  pitch  diameter  of  a  similar  gear  with  two 
additional  teeth. 

Inside  diameter  of  any  gear  is  equal  to  the  j)itch  diameter  of  a  similar  gear  with 
two  less  teeth,  minus  the  clearance. 

These  two  rules  do  not  hold  for  gears  with  less  than  17  teeth. 
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BRIDGE   ENGINEERING 

TABLE  16e  {Continued) 
Pitch  Diameters  of  Gears  for  Circular  Pitch. 


Chapter  XVI 


No. 
of 

Teeth 

Circular  Pitch  in 

Inches 

No. 

of 

Teeth 

1 

1^ 

IM 

1^ 

Wi 

\K 

2 

12 

3.820 

4.297 

4.775 

5.252 

5.730 

6.685 

7.639 

12 

13 

4.138 

4.655 

5.173 

5.690 

6.207 

7.242 

8.276 

13 

14 

4.456 

5.013 

5.570 

6.127 

6.685 

7.799 

8.913 

14 

15 

4.775 

5.371 

5.968 

6.565 

7.162 

8.356 

9.549 

15 

16 

5.093 

5.730 

6.366 

7.003 

7.639 

8.913 

10.186 

16 

17 

5.411 

6.088 

6.764 

7.440 

8.117 

9.470 

10.823 

17 

18 

5.730 

6.446 

7.162 

7.878 

8.594 

10.027 

11.459 

18 

19 

6.048 

6.804 

7.560 

8.316 

9.072 

10.584 

12.096 

19 

20 

6.366 

7.162 

7.958 

8.754 

9.549 

11.141 

12.732 

20 

21 

6.685 

7.520 

8.356 

9.191 

10.027 

11.698 

13.369 

21 

22 

7.003 

7.878 

8.754 

9.629 

10.504 

12.255 

14.006 

22 

23 

7.321 

8.236 

9.151 

10.067 

10.982 

12.812 

14.642 

23 

24 

7.639 

8.594 

9.549 

10.504 

11.459 

13.369 

15.279 

24 

25 

7.958 

8.9.52 

9.947 

10.942 

11.937 

13.926 

15.915 

25 

26 

8.276 

9.311 

10.345 

11.380 

12.414 

14.483 

16.552 

26 

27 

8.594 

9.669 

10.743 

11.817 

12.892 

15.040 

17.189 

27 

28 

8.913 

10.027 

11.141 

12.255 

13.369 

15.597 

17.825 

28 

29 

9.231 

10.385 

11.539 

12.693 

13.846 

16.154 

18.462 

29 

30 

9.549 

10.743 

11.937 

13.130 

14.324 

16.711 

19.099 

30 

31 

9.868 

11.101 

12.335 

13.568 

14.801 

17.268 

19.735 

31 

32 

10.186 

11.459 

12.732 

14.006 

15.279 

17.825 

20.372 

32 

33 

10.504 

11.817 

13.130 

14.443 

15.756 

18.382 

21.008 

33 

34 

10.823 

12.175 

13.528 

14.881 

16.234 

18.939 

21.645 

34 

35 

11.141 

12.533 

13.926 

15.319 

16.711 

19.496 

22.282 

35 

36 

11.459 

12.892 

14.324 

15.756 

17.189 

20.054 

22.918 

36 

37 

11.777 

13.250 

14.722 

16.194 

17.666 

20.611 

23.555 

37 

38 

12.096 

13.608 

15.120 

16.632 

18.144 

21 . 168 

24.192 

38 

39 

12.414 

13.966 

15.518 

17.069 

18.621 

21.725 

24.828 

39 

40 

12.732 

14.324 

15.915 

17.507 

19.099 

22.282 

25.465 

40 

41 

13.051 

14.682 

16.313 

17.945 

19.576 

22.839 

26.101 

41 

42 

13.369 

15.040 

16.711 

18.382 

20.054 

23.396 

26.738 

42 

43 

13.687 

15.398 

17.109 

18.820 

20.531 

23.953 

27.375 

43 

44 

14.006 

15.756 

17.507 

19.258 

21.008 

24.510 

28.011 

44 

45 

14.324 

16.114 

17.905 

19.695 

21.486 

25.067 

28.648 

45 

46 

14.642 

16.473 

18.303 

20.133 

21.963 

25.624 

29.285 

46 

47 

14.961 

16.831 

18.701 

20.571 

22.441 

26.181 

29.921 

47 

48 

15.279 

17.189 

19.099 

21.008 

22.918 

26.738 

30.558 

48 

49 

15.597 

17.547 

19.496 

21.446 

23.396 

27.295 

31.194 

49 

50 

15.915 

17.905 

19.894 

21.884 

23.873 

27.852 

31.831 

50 

51 

16.234 

18.263 

20.292 

22.321 

24.351 

28.409 

32.468 

51 

52 

16.5.52 

18.621 

20.690 

22.759 

24.828 

28.966 

33.104 

52 

53 

16.870 

18.979 

21.089 

23.197 

25.306 

29.523 

33.741 

53 

54 

17.189 

19.337 

21.486 

23.635 

25.783 

30.080 

34.377 

54 

Outside  diameter  of  any  gear  is  equal  to  the  pitch  diameter  of  a  similar  gear  with 
two  additional  teeth. 

Inside  diameter  of  any  gear  is  equal  to  the  pitch  diameter  of  a  similar  gear  with 
two  less  teeth,  minus  the  clearance. 

These  two  rules  do  not  hold  for  gears  with  less  than  17  teeth. 


DETAILING    IN   GENERAL 


317 


TABLE  16e  (Continued) 
Pitch  Diameters  of  Gears  for  Circular  Pitch. 


No. 

Circular  Pitch  in 

Inches 

No. 
of 

of 

Teeth 

1 

1)^ 

Hi 

1.'8 

IH 

iH 

2 

Teeth 

55 

17.507 

19.695 

21.884 

24.072 

26.261 

30.637 

35.014 

55 

56 

17.825 

20.054 

22.282 

24.510 

26.738 

31.194 

35.651 

56 

57 

18.144 

20.412 

22.680 

24.948 

27.215 

31.751 

36.287 

57 

58 

18.462 

20.770 

23.077 

25.385 

27.693 

32.308 

36.924 

58 

59 

18.780 

21.128 

23.475 

25.823 

28.170 

32.865 

37.561 

59 

60 

19.099 

21.486 

23.873 

26.261 

28.648 

33.423 

38.197 

60 

61 

19.417 

21.844 

24.271 

26.698 

29.125 

33.980 

38.834 

61 

62 

19.735 

22.202 

24.669 

27.136 

29.603 

34.5.37 

39.470 

62 

63 

20.054 

22.560 

25.067 

27.574 

30.080 

35.094 

40.107 

63 

64 

20.372 

22.918 

25.465 

28.011 

30.558 

35.651 

40.744 

64 

65 

20.690 

23.276 

25.863 

28.449 

31.035 

36.208 

41, 380 

65 

66 

21.008 

23.635 

26.261 

28.887 

31.513 

36.765 

42.017 

66 

67 

21.327 

23.993 

26.658 

29.324 

31.990 

37.322 

42.6.54 

67 

68 

21.645 

24.351 

27.056 

29.762 

32.468 

37.879 

43 . 290 

68 

69 

21.963 

24.709 

27.454 

30.200 

32.945 

38.436 

43.927 

69 

70 

22.282 

25.067 

27.852 

30.637 

33.423 

38.993 

44.563 

70 

71 

22.600 

25.425 

28.250 

31.075 

33.900 

39 . 550 

45.200 

71 

72 

22.918 

25 . 783 

28.648 

31.513 

34.377 

40.107 

45.837 

72 

73 

23.237 

26.141 

29.046 

31.950 

34.855 

40.664 

46.473 

73 

74 

23.555 

26.499 

29.444 

32.388 

35.332 

41.221 

47.110 

74 

75 

23.873 

26.857 

29.842 

32.826 

35.810 

41.778 

47.746 

75 

76 

24.192 

27.215 

30.239 

33.263 

36.287 

42.335 

48.383 

76 

77 

24.510 

27.574 

30.637 

33.701 

36.765 

42.892 

49.020 

77 

78 

24.828 

27.932 

31.035 

34.139 

37.242 

43.449 

49.656 

78 

79 

25.146 

28.290 

31.433 

34.576 

37.720 

44.006 

50.293 

79 

80 

25.465 

28.648 

31.831 

35.014 

38.197 

44.563 

50.930 

80 

81 

25.783 

29.006 

32.229 

35.452 

38.675 

45.120 

51.566 

81 

82 

26.101 

29.364 

32.627 

35.889 

39.152 

45.677 

52.203 

82 

83 

26.420 

29.722 

33.025 

36.327 

39.630 

46 . 235 

52.839 

83 

84 

1 

26.738 

30.080 

33.423 

36.765 

40.107 

46.792 

53.476 

84 

85 

27.056 

30.438 

33.820 

37.202 

40.585 

47.349 

54.113 

85 

86 

27.375 

30.796 

34.218 

37.640 

41.062 

47.906 

54.749 

86 

87 

27.693 

31.155 

34.616 

38.078 

41.539 

48.463 

55.386 

87 

88 

28.011 

31.513 

35.014 

38.515 

42.017 

49,020 

56.023 

88 

89 

28.330 

31.871 

35.412 

38.953 

42.494 

49.577 

56.659 

89 

90 

28.648 

32.229 

35.810 

39.391 

42.972 

50.134 

57.296 

90 

91 

28.966 

32.587 

36.208 

39.829 

43.449 

50.691 

57.932 

91 

92 

29.285 

32.945 

36.606 

40.266 

43.927 

51 . 248 

58.569 

92 

93 

29.603 

33.303 

37.004 

40.704 

44.404 

51.805 

59.206 

93 

94 

29.921 

33.661 

37.401 

41.142 

44.882 

52.362 

59.842 

94 

95 

30.239 

34.019 

37.799 

41.579 

45.359 

.52.919 

60.479 

95 

96 

30.558 

34.377 

38.197 

42.017 

45.837 

53.476 

61.116 

96 

97 

30.876 

34.736 

38.595 

42.455 

46.314 

54.033 

61 . 752 

97 

98 

31.194 

35.094 

3S.993 

42.892 

46.792 

54.590 

62.389 

98 

99 

31.513 

35.452 

39.391 

43.330 

47.269 

55.147 

63.025 

99 

Outside  diameter  of  any  gear  is  equal  to  the  pitch  diameter  of  a  similar  gear  with  two 
additional  teeth. 

Inside  diameter  of  any  gear  is  equal  to  the  pitch  diameter  of  a  similar  gear  with 
two  less  teeth,  minus  the  clearance. 

These  two  rules  do  not  hold  for  gears  with  less  than  17  teeth. 
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BRIDGE   ENGINEERING 

TABLE  16e  (Continued) 
Pitch  Diameters  of  Gears  for  Circular  Pitch. 


Chapter  XVI 


No. 

Circular  Pitch  in  Inches 

No. 

of 

Teeth 

of 
Teeth 

2H 

2y2 

2'i 

3 

3M 

3  3^ 

12 

8.594 

9.549 

10.504 

11.459 

12.414 

13.369 

12 

13 

9.311 

10.345 

11.380 

12.414 

13.449 

14.483 

13 

14 

10.027 

11.141 

12.255 

13.369 

14.483 

15.597 

14 

1.5 

10.743 

11.937 

13 . 1,30 

14.324 

15.518 

16.711 

15 

16 

11.459 

12.732 

14.006 

15 . 279 

16.552 

17.825 

16 

17 

12.175 

13.. 528 

14.881 

16.2.34 

17.587 

18.939 

17 

18 

12.892 

14.324 

15.7.56 

17.189 

18.621 

20.054 

18 

19 

13.608 

15.120 

16.632 

18.144 

19.656 

21 . 168 

19 

20 

14.324 

15.915 

17.507 

19.099 

20,690 

22.282 

20 

21 

15.040 

16.711 

18.382 

20.0.54 

21.725 

23.396 

21 

22 

15.756 

17.. 507 

19.2.58 

21.008 

22.759 

24.510 

22 

23 

16.473 

18.303 

20.133 

21.963 

23.794 

25.624 

23 

24 

17.189 

19.099 

21.008 

22.918 

24.828 

26.738 

24 

25 

17.905 

19.894 

21.884 

23.873 

25.863 

27.852 

25 

26 

18.621 

20.690 

22.759 

24.828 

26.897 

28.966 

26 

27 

19.337 

21.486 

23.635 

25.783 

27.9.32 

30.080 

27 

28 

20.0.54 

22  282 

24.510 

26.738 

28.966 

31.194 

28 

29 

20.770 

23^077 

25.385 

27.693 

30.001 

32.308 

29 

30 

21.486 

23.873 

26.261 

28.648 

31.035 

.33.423 

30 

31 

22.202 

24.669 

27.136 

29.603 

32.070 

34.537 

31 

32 

22.918 

25.465 

28.011 

30.. 5.58 

33.104 

35.651 

32 

33 

23.635 

26.261 

28.88" 

31.513 

34.139 

36.765 

33 

34 

24.351 

27.056 

29.762 

32.468 

35.173 

37.879 

34 

35 

25.067 

27.852 

30.637 

33.423 

,36.208 

38.993 

35 

36 

25.783 

28.648 

31.513 

34.377 

37.242 

40.107 

36 

37 

26.499 

29.444 

32.388 

35.332 

38.277 

41.221 

37 

38 

27.215 

30.239 

33.263 

,36.287 

39.311 

42.335 

38 

39 

27.932 

31.035 

34.139 

37.242 

40.346 

43.449 

39 

40 

28.648 

31.831 

35.014 

38.197 

41.380 

44.563 

40 

41 

29.364 

32.627 

35.889 

39.152 

42.415 

45.677 

41 

42 

30.080 

33.423 

36.765 

40.107 

43.449 

46.792 

42 

43 

30.796 

34.218 

37.640 

41.062 

44.484 

47.906 

43 

44 

31.513 

35.014 

38.515 

42.017 

45.518 

49.020 

44 

45 

32.229 

35.810 

39. 391 

42.972 

46.553 

50.134 

45 

46 

32.945 

36.606 

40.266 

43.927 

47.587 

51.248 

46 

47 

33.661 

37.401 

41.142 

44.882 

48.622 

52.362 

47 

48 

34.377 

38.197 

42.017 

45.837 

49.656 

53.476 

48 

49 

35.094 

38.993 

42.892 

46.792 

.50.691 

54.590 

49 

50 

35.810 

39.789 

43.768 

47 . 746 

51 . 725 

.55.704 

50 

51 

36.526 

40.585 

44.643 

48.701 

52.760 

56.818 

51 

52 

37.242 

41.380 

45.518 

49.6.56 

53.794 

57.932 

52 

53 

37.958 

42.176 

46. 394 

.50.611 

.54.829 

59.046 

53 

54 

38.675 

42.972 

47.269 

51.566 

55.863 

60.161 

54 

Outside  (liamctor  of  any  gear  i.s  equal  to  the  pitch  diameter  of  a  similar  gear  with 
two  additional  teeth. 

Inside  diameter  of  any  gear  is  equal  to  the  pitch  diameter  of  a  similar  gear  with 
two  less  teeth,  minus  the  clearance. 

These  two  rules  do  not  hold  for  gears  with  less  than  17  teeth. 
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TABLE  16e  (Continued) 
Pitch  Diameters  of  Gears  for  Circular  Pitch. 


No. 

Circular  Pitch  in  Inches 

No. 

of 

Teeth 

of 
Teeth 

2H 

2 '-2 

2H 

3 

3  k' 

3H 

55 

39.391 

43.768 

48.144 

52.521 

56.898 

61.275 

55 

56 

40.107 

44.563 

49.020 

53.476 

57.932 

62.389 

56 

57 

40.823 

45.359 

49.895 

54.431 

.58.967 

63.. 503 

57 

58 

41.539 

46.155 

50.770 

.55.386 

60.001 

64.617 

58 

59 

42.256 

46.951 

51.646 

56.341 

61.036 

65.731 

59 

60 

42.972 

47.746 

52.521 

57.296 

62.070 

66.845 

60 

61 

43.688 

48.542 

53.396 

58.251 

63.105 

67.959 

61 

62 

44.404 

49.338 

54.272 

59.206 

64.139 

69.073 

62 

63 

45.120 

50.134 

55.147 

60.161 

65 . 174 

70.187 

63 

64 

45.837 

50.930 

56.023 

61.116 

66.208 

71 . 301 

64 

65 

46.553 

51.725 

56.898 

62.070 

67.243 

72.415 

65 

66 

47.269 

52.521 

57.773 

63.025 

68.277 

73.530 

66 

67 

47.985 

53.317 

58.649 

63.980 

69.312 

74.644 

67 

68 

48.701 

54.113 

59.524 

64.935 

70.346 

75.758 

68 

69 

49.418 

54.908 

60.399 

65.890 

71.381 

76.872 

69 

70 

50.134 

55.704 

61.275 

66.845 

72.415 

77.986 

70 

71 

50.850 

56.. 500 

62.1.50 

67.800 

73.4.50 

79.100 

71 

72 

51.566 

57.296 

63.025 

68.755 

74.485 

80.214 

72 

73 

52.282 

58.092 

63.901 

69.710 

75.519 

81.328 

73 

74 

52.999 

58.887 

64.776 

70.665 

76.5.54 

82.442 

74 

75 

53.715 

59.683 

65.651 

71.620 

77.588 

83.556 

75 

76 

54.431 

60.479 

66.527 

72.575 

78.623 

84.670 

76 

77 

55.147 

61.275 

67.402 

73.530 

79.657 

85.785 

77 

78 

55.863 

62.070 

68.277 

74.485 

80.692 

86.899 

78 

79 

56.580 

62.866 

69.153 

75.439 

81.726 

88.013 

79 

80 

57.296 

63.662 

70.028 

76.394 

82.761 

89.127 

80 

81 

58.012 

64.458 

70.904 

77.349 

83.795 

90.241 

81 

82 

58.728 

65.2.54 

71.779 

78.. 304 

84.830 

91.355 

82 

83 

59.444 

66.049 

72.654 

79.259 

85.864 

92.469 

83 

84 

60.161 

66.845 

73.530 

80.214 

86.899 

93.583 

84 

85 

60.877 

67.641 

74.405 

81 . 169 

87.933 

94.697 

85 

86 

61.593 

68.437 

75.280 

82.124 

88.968 

95.811 

86 

87 

62.309 

69.232 

76.156 

83.079 

90.002 

96.925 

87 

88 

63.025 

70.028 

77.031 

84.034 

91.037 

98.039 

88 

89 

63.742 

70.824 

77.906 

84.989 

92.071 

99.154 

89 

90 

64.458 

71.620 

78.782 

85.944 

93.106 

100.268 

90 

91 

65.174 

72.416 

79.657 

86.899 

94.140 

101.. 382 

91 

92 

65.890 

73.211 

80.5.32 

87.8.54 

95.175 

102.496 

92 

93 

66.606 

74.007 

81.408 

88.808 

96.209 

103.610 

93 

94 

67.323 

74.803 

82.283 

89.763 

97.244 

104.724 

94 

95 

68.039 

75 . 599 

83.158 

90.718 

98.278 

105.838 

95 

96 

68.755 

76.394 

84.034 

91.673 

99.313 

106.9.52 

96 

97 

69.471 

77.190 

84.909 

92.628 

100.. 347 

108.066 

97 

98 

70.187 

77.986 

85.785 

93.. 583 

101.. 382 

109.180 

98 

99 

70.904 

78.782 

86.660 

94.538 

102.416 

110.294 

99 

Outside  diameter  of  any  gear  is  equal  to  the  pitch  diameter  of  a  similar  gear  with  two 
additional  teeth. 

Inside  diameter  of  any  gear  is  equal  to  the  pitch  diameter  of  a  similar  gear  with 
two  less  teeth,  minus  the  clearance. 

These  two  rules  do  not  hold  for  gears  with  less  than  17  teeth. 
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TABLE  16e  (Continued) 
Pitch  Diameters  of  Gears  for  Circular  Pitch. 


No. 

of 

Teeth 

Circular  Pitch  in  Inches 

No. 

3M 

4 

Hi 

5 

5J^ 

6 

of 
Teeth 

12 

14.324 

15.279 

17.189 

19.099 

21.008 

22.918 

12 

13 

15.518 

16.552 

18.621 

20.690 

22.759 

24.828 

13 

14 

16.711 

17.825 

20.054 

22.282 

24.510 

26.738 

14 

15 

17.905 

19.099 

21.486 

23.873 

26.261 

28.648 

15 

16 

19.099 

20.372 

22.918 

25.465 

28.011 

30.558 

16 

17 

20.292 

21.645 

24.351 

27.056 

29.762 

32.468 

17 

18 

21.486 

22.918 

25.783 

28.648 

31.513 

34.377 

18 

19 

22.680 

24.192 

27.215 

30.239 

33.263 

36.287 

19 

20 

23.873 

25.465 

28.648 

31.831 

35.014 

38.197 

20 

21 

25.067 

26.738 

30.080 

33.423 

36.765 

40.107 

21 

22 

26.261 

28.011 

31.513 

35.014 

38.515 

42.017 

22 

23 

27.454 

29.285 

32.945 

36.606 

40.266 

43.927 

23 

24 

28.648 

30.558 

34.377 

38.197 

42.017 

45.837 

24 

25 

29.842 

31.831 

35.810 

39.789 

43.768 

47.746 

25 

26 

31.035 

33.104 

37.242 

41.380 

45.518 

49.656 

26 

27 

32 . 229 

34.377 

38.675 

42.972 

47.269 

51.566 

27 

28 

33.423 

35.651 

40.107 

44.563 

49.020 

53.476 

28 

29 

34.616 

36.924 

41.539 

46.155 

50.770 

55.386 

29 

30 

35.810 

38.197 

42.972 

47.746 

52.521 

57.296 

30 

31 

37.004 

39.470 

44.404 

49.338 

54.272 

59.206 

31 

32 

38.197 

40.744 

45.837 

50.930 

56.023 

61.116 

32 

33 

39.391 

42.017 

47.269 

52.521 

57.773 

63.025 

33 

34 

40.585 

43.290 

48.701 

54.113 

59.524 

64.935 

34 

35 

41.778 

44.563 

50.134 

55.704 

61.275 

66.845 

35 

36 

42.972 

45.837 

51.566 

57.296 

63.025 

68.755 

36 

37 

44.165 

47.110 

52.999 

58.887 

64.776 

70.665 

37 

38 

45.359 

48.383 

54.431 

60.479 

66.527 

72.575 

38 

39 

46.553 

49.656 

55.863 

62.070 

68.277 

74.485 

39 

40 

47.746 

50.930 

57.296 

63.662 

70.028 

76.394 

40 

41 

48.940 

52.203 

58.728 

65.254 

71.779 

78.304 

41 

42 

50.134 

53.476 

60.161 

66.845 

73.530 

80.214 

42 

43 

51.327 

54.749 

61 . 593 

68.437 

75.280 

82.124 

43 

44 

52.521 

56.023 

63.025 

70.028 

77.031 

84.034 

44 

45 

53.715 

57.296 

64.458 

71.620 

78.782 

85.944 

45 

46 

54.908 

58.569 

65.890 

73.211 

80.532 

87.854 

46 

47 

56.102 

59.842 

67.323 

74.803 

82.283 

89.763 

47 

48 

57.296 

61.116 

68.755 

76.394 

84.034 

91.673 

48 

49 

58.489 

62.389 

70.187 

77.986 

85.785 

93.583 

49 

50 

59.683 

63.662 

71.620 

79.577 

87.535 

95.493 

50 

51 

60.877 

64.935 

73.052 

81.169 

89.286 

97.403 

51 

52 

62.070 

66.208 

74.485 

82.761 

91.037 

99.313 

52 

53 

63.264 

67.482 

75.917 

84.352 

92.787 

101.223 

53 

54 

64.458 

68.755 

77.349 

85.944 

94.538 

103.132 

54 

Outside  diameter  of  any  gear  is  equal  to  the  pitch  diameter  of  a  similar  gear  with 
two  additional  teeth. 

Inside  diameter  of  any  gear  is  equal  to  the  pitch  diameter  of  a  similar  gear  with 
two  less  teeth,  minus  the  clearance. 

These  two  rules  do  not  hold  for  gears  with  less  than  17  teeth. 
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TABLE  16e  {Continued) 
Pitch  Diameters  of  Gears  for  Circular  Pitch. 


No. 

Circular  Pitch  in  Inches 

No. 
of 

of 

Teeth 

3»i 

4 

4?.i 

5 

5}  2 

6 

Teeth 

55 

65.651 

70.028 

78.782 

87.535 

96.289 

105.042 

55 

56 

66.845 

71.301 

80.214 

89.127 

98.o;:9 

106.952 

56 

57 

68.039 

72.575 

81.646 

90. 7 IS 

99.790 

108.802 

57 

58 

69.232 

73.848 

83.079 

92.310 

101.541 

110.772 

58 

59 

70.426 

75.121 

84.511 

93.901 

103.292 

112.682 

59 

60 

71.620 

76.394 

85.944 

95.493 

105.042 

114.592 

60 

61 

72.813 

77.608 

87.376 

97.085 

100.793 

116.501 

61 

62 

74.007 

78.941 

88.808 

98.676 

108 . 544 

118.411 

62 

63 

75.201 

80.214 

90.241 

100.268 

110. 2C4 

120.321 

63 

64 

76.394 

81.487 

91.673 

101.859 

112.045 

122.231 

64 

65 

77.588 

82.761 

93.106 

103.451 

113.796 

124.141 

65 

66 

78.782 

84.034 

94.538 

105.042 

115.540 

126.051 

66 

67 

79.975 

85.307 

95.970 

106.634 

117.297 

127.901 

67 

68 

81 . 169 

86.580 

97.403 

108.225 

119.048 

129.870 

68 

69 

82.363 

87.854 

98.835 

109.817 

120.799 

131.780 

69 

70 

83.556 

89.127 

100.268 

111.408 

122.549 

133.690 

70 

71 

84.750 

90.400 

101.700 

113.000 

124.300 

135.600 

71 

72 

85.944 

91.673 

103.132 

114.592 

126.051 

137.510 

72 

73 

87.137 

92.946 

104.565 

116.183 

127.801 

139.420 

73 

74 

88.331 

94.220 

105.997 

117.775 

129.552 

141.330 

74 

75 

89.525 

95.943 

107.430 

119.366 

131.303 

143.239 

75 

76 

90.718 

96.766 

108.862 

120.958 

133.054 

145.149 

76 

77 

91.912 

98.039 

110.294 

122.. 549 

134.F,04 

147.059 

77 

78 

93.106 

99.313 

111.727 

124.141 

136.. 555 

148.969 

78 

79 

94.299 

100.586 

113.159 

125.732 

138.306 

150.879 

79 

80 

95.493 

101.859 

114.592 

127.324 

140.056 

152.789 

80 

81 

96.687 

103.132 

116.024 

128.916 

141.807 

154.699 

81 

82 

97.880 

104.406 

117.456 

130.507 

143.558 

156.608 

82 

83 

99.074 

105.679 

118.889 

132.099 

145 . 308 

158.518 

83 

84 

100.268 

106.952 

120.321 

133.690 

147.059 

160.428 

84 

85 

101.461 

108.225 

121.754 

135.282 

148.810 

162.338 

85 

86 

102.655 

109.499 

123.186 

136.873 

150.501 

104.248 

86 

87 

103.849 

110.772 

124.618 

138.465 

152.311 

160.158 

87 

88 

105.042 

112.045 

126.051 

140.056 

154.002 

108 . 008 

88 

89 

106.236 

113.318 

127.483 

141.648 

155.813 

169.977 

89 

90 

107.430 

114.592 

128.916 

143.239 

157.563 

171.887 

90 

91 

108.623 

115.865 

130.348 

144.831 

159.314 

173.797 

91 

92 

109.817 

117.138 

131.780 

146.423 

161.065 

175.707 

92 

93 

111.011 

118.411 

133.213 

148.014 

162.816 

177.617 

93 

94 

112.204 

119.685 

134.645 

149.006 

104.500 

179.527 

94 

95 

113.398 

120.958 

136.077 

151 . 197 

106.317 

181.437 

95 

96 

114.592 

122.231 

137.510 

152.789 

108.068 

183.347 

96 

97 

115.785 

123.504 

138.942 

154.380 

109.818 

185.256 

97 

98 

116.979 

124.777 

140.375 

155.972 

171.509 

187.167 

98 

99 

118.173 

126.051 

141.807 

157.563 

173.320 

189.076 

99 

Outside  diameter  of  any  gear  is  equal  to  the  pitch  diameter  of  a  simihir  ge;ir  with  two 
additional  teeth. 

Inside  diameter  of  any  gear  is  equal  to  the  pitch  diameter  of  a  similar  gear  with 
two  less  teeth,  minus  the  clearance. 

These  two  rules  do  not  hold  for  gears  with  less  than  17  teeth. 
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TABLE  16/ 
Intensities  for  Compression  Members  of  Carbon  Steel  with  Fixed  Ends. 

P  =  16.000  -  60-^. 

r 


r 

P 

I 

T 

P 

/ 

r 

P 

I 

7 

P 

I 

r 

P      j 

I 

r 

P 

1 

15940 

26 

14410 

-.1 

12D40 

70 

11440 

101 

9940 

126 

8440 

2 

15880 

27 

143.S0 

12880 

77 

11380 

102 

9880 

127 

8380 

3 

15820 

28 

14320 

53 

12820 

78 

11320 

103 

9820 

128 

8320 

4 

15760 

29 

14260 

54 

12760 

79 

11260 

104 

97G0 

129 

8260 

F, 

15700  , 

30 

14200 

55 

12700 

80 

11200 

105 

9700 

130 

8200 

6 

15640  ' 

31 

14140 

56 

12640 

71 

11140 

106 

9640 

131 

8140 

7 

15580  i 

32 

140S0 

57 

12580 

82 

11080 

107 

9580 

132 

8080 

8 

15520 

33 

14020 

58 

12520 

83 

11020 

108 

9520 

133 

8020 

9 

15460 

34 

13960 

59 

12460 

84 

10960 

109 

9460 

134 

7960 

10 

15400 

35 

13900 

60 

12400 

85 

10900 

110 

9400 

135 

7900 

11 

15340 

36 

13840 

61 

12340 

86 

10840 

111 

9340 

136 

7840 

12 

15280 

37 

13780 

62 

12280 

87 

10780 

112 

9280 

137 

7780 

13 

15220 

38 

13720 

63 

12220 

88 

10720 

113 

9220 

138 

7720 

14 

15160 

39 

13660 

64 

12160 

89 

10660 

114 

9160 

139 

7660 

15 

15100 

40 

13600 

65 

12100 

90 

10600 

115 

9100 

140 

7600 

16 

15040 

41 

13540 

66 

12040 

91 

10540 

116 

9040 

141 

7540 

17 

14980 

42 

13480 

67 

11980 

92 

10480 

117 

8980 

142 

7480 

18 

14920 

43 

13420 

68 

11920 

93 

10420 

118 

8920 

143 

7420 

19 

14860 

44 

13360 

69 

11 860 

94 

10360 

119 

8860 

144 

7360 

20 

14800 

45 

13300 

70 

11800 

95 

10300 

120 

8800 

145 

7300 

21 

14740 

46 

13240 

71 

11740 

96 

10240 

121 

8740 

146 

7240 

22 

14680 

47 

13180 

72 

11680 

97 

10180 

122 

8680 

147 

7180 

23 

14620 

48 

13120 

73 

11620 

98 

10120 

123 

8620 

148 

7120 

24 

14560 

49 

13060 

74 

11560 

99 

10060 

124 

8560 

149 

7060 

25 

14500 

50 

13000 

75 

11500 

100 

10000 

125 

8500 

150 

7000 

TABLE  16^ 

Intensities  for  Compression  Members  of  Carbon  Steel  with  Hinged  Ends. 

P  =  16,000  -  80-. 


}_ 

r 

P 

I 

T 

P 

l_ 

T 

P 

I 

r 

P 

r 

P 

I 

15920 

25 

14000 

49 

12080 

73 

10160 

97 

8240 

2 

15840 

26 

13920 

50 

12000 

74 

10080 

98 

8160 

3 

15760 

27 

13840 

51 

11920 

75 

lOOOO 

99 

8080 

4 

15680 

28 

13760 

52 

11840 

76 

9920 

100 

8000 

5 

1.5600 

29 

13680 

53 

11760 

77 

9840 

101 

7920 

6 

15520 

30 

13600 

54 

11680 

78 

9760 

102 

7840 

7 

15440 

31 

13520 

55 

11600 

79 

9680 

103 

7760 

8 

15360 

32 

13440 

56 

11520 

80 

9600 

104 

7680 

9 

15280 

33 

13360 

57 

11440 

81 

9520 

105 

7600 

10 

15200 

34 

13280 

58 

11360 

82 

9440 

106 

7520 

11 

15120 

35 

13200 

59 

11280 

83 

9360 

107 

7440 

12 

15040 

36 

13120 

60 

11200 

84 

9280 

108 

7360 

13 

14930 

37 

13040 

61 

11120 

85 

9200 

109 

7280 

14 

14880 

38 

12960 

62 

11040 

86 

9120 

110 

7200 

15 

14800 

39 

12880 

63 

10960 

87 

9040 

111 

7120 

16 

14720 

40 

12800 

64 

10880 

88 

8960 

112 

7040 

17 

14640 

41 

12720 

65 

lOSOO 

89 

8880 

113 

6960 

18 

14560 

42 

12640 

66 

10720 

90 

8800 

114 

6880 

19 

14480 

43 

12.560 

67 

10640 

91 

8720 

115 

6800 

20 

14400 

44 

12480 

68 

10560 

92 

8640 

116 

6720 

21 

14320 

45 

12400 

69 

10480 

93 

8560 

117 

6640 

22 

14240 

46 

12320 

70 

10400 

94 

8480 

118 

6560 

23 

14160 

47 

12240 

71 

10320 

95 

8400 

119 

6480 

24 

14080 

48 

12160 

72 

10240 

96 

8320 

120 

6400 
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TABLE  16^ 

Intensities  foh  Forked  Ends  and  Extension-Plates  of  Compression  Members 

OF  Carbon  Steel. 


Formula:    P  =  10,000  -  300y. 


I 
I 

P 

I 
t 

P 

I 
I 

P 

1 

9700 

11 

6700 

21 

3700 

9 

9400 

12 

6400 

22 

3400 

3 

9100 

13 

6100 

23 

3100 

4 

8800 

14 

5800 

24 

2800 

5 

8500 

15 

5500 

25 

2500 

6 

8200 

16 

5200 

26 

2200 

7 

7900 

17 

4900 

27 

1900 

8 

7600 

18 

4600 

28 

1600 

9 

7300 

19 

4300 

29 

1300 

10 

7000 

20 

4000 

30 

1000 

TABLE  16j 
Bearing  Values  for  Carbon  Steel  Pins. 


Diam. 

Bearing 

Diam. 

Bearing 

Diam. 
of 
Pin 

(Ins.) 

Bearing 

Pin. 

22,000  Lbs. 

28,600  Lbs. 

Pin 

(Ins.) 

22,000  Lbs. 

28,600  Lbs. 

22,000  Lbs. 

28,600  Lbs. 

(Ins.) 

per  Sq.  In. 

per  Sq.  In. 

per  Sq.  In. 

per  Sq.  In. 

per  Sq.  In. 

per  Sq.  In. 

2 

44,000 

57,200 

734 

160,000 

207,000 

1234 

275,000 

357,000 

2M 

49,500 

64,400 

7H 

165,000 

215,000 

12% 

281,000 

365,000 

234 

55,000 

71,500 

7M 

171,000 

222,000 

13 

286,000 

372,000 

2% 

60,500 

78,700 

8 

176,000 

229,000 

1334 

292,000 

379,000 

3 

66,000 

85,800 

8M 

182,000 

236,000 

13)^ 

297,000 

386,000 

3M 

71,500 

93,000 

834 

187,000 

243,000 

13% 

303,000 

393,000 

3H 

77,000 

100,100 

8% 

193,000 

250,000 

14 

308,000 

400,000 

3% 

82,500 

107,300 

9 

198,000 

257,000 

14% 

314.000 

408,000 

4 

88,000 

114,400 

9M 

204,000 

265,000 

1434 

319,000 

415,000 

4Ji 

93,500 

121,600 

934 

209,000 

272,000 

14% 

325,000 

422,000 

4^ 

99,000 

128,700 

9M 

215,000 

279,000 

15 

330,000 

429,000 

4M 

104,500 

135,900 

10 

220,000 

286,000 

1534 

341,000 

443,000 

5 

110,000 

143,000 

lOM 

226,000 

293,000 

16 

352,000 

458,000 

5M 

116,000 

1.50,000 

103^ 

231,000 

300,000 

16H 

363,000 

472,000 

534 

121,000 

157,000 

10% 

237,000 

308,000 

17 

374,000 

486,000 

5M 

127,000 

165,000 

11 

242,000 

315,000 

1734 

385,000 

500,000 

6 

132,000 

172,000 

1134 

248,000 

322,000 

18 

396,000 

515,000 

63i 

138,000 

179,000 

iiH 

253,000 

329,000 

18H 

407,000 

529,000 

634 

143,000 

186,000 

n% 

259,000 

336,000 

19 

418,000 

543,000 

6M 

149,000 

193,000 

12 

264,000 

343,000 

1934 

429,000 

558,000 

7 

154,000 

200,000 

123€ 

270,000 

350,000 

20 

440,000 

572,000 

Note. — 22,000  lbs.  per  sq.  in.  is  the  allowable  stress  excluding  wind. 
28,600  lbs.  per  sq.  in.  is  the  allowable  stress  including  wind. 
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H 
H 
H 
CO 


H 
CO 

o 

n 

K 

<i 
O 


000000000000000000000 

0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  c^  0  1;^ 

§l5 

0  o_q_o  q^o_o_o^q^o^o_o_o_q_o_o  00000 
oo^•"t-^^^o"lo"co~lo"c5~^-^o"c^'"^f^lo  ict>riofo"c^roofo 

OS 

o_   .    . 

(Ni0Ot^t^00(NX<©t^r-iiOO-*Ot^OI--O'OTfi 

£ 

in  S  ty 

00O~O~O"o'~'--<"c^"c^"f0"T)rrf  cOGOoT^^COiCt^OC^fi-O 

a 

^,_(,-(,— l,-li— I.— 11— li-Hr-l,-l(M(MC<lJvjpQf^f^ 

QOOOOOOOOOOOgOOOOOOOO 

PhM 

O  1)  fi 

000  o__o__o^o_^o__o^o_o__o__o__o__o  0  0  o_o_^o  0 

g« 

o  ai-H 

o'<M''rH~o"x"x~o"(M''ic"x"o*w  ^"o'c'  vf  t-  rT-^'r-Tao 

zS 

^  •   • 

f,;)  ^  i>  ^  t^  1.0  »o  r^  0  0  JO  ro  ^  X  re  -c  r:  —  re  cT  0 

HH 

M-^W 

t^  ^  10  0  '^  C5_^^0  ic  o^-^__x__^__Tr_c:  -r  0  X^  -^^^LO  10 

n 
z 

C5jC/J 

(^tr^t^aoccccc^c^c^'-^  '—1  c^i  ^^-.c  '/.  c'  — '  ro'~o"t--r 

rt^,_i^^rtrt^Cvl01C^l(MiM 

000000000000000000000 

s 

0  0  0  0  0  0  0  0  0  0  0  0  0  0  0000^0  0 

o 

=>  S  C 

0  0  o__o_^o_o_o^o__o__o__o__o_^o__o,o_  c  c  q  -^  ~^~^ 

§ 

o  a^ 

v-^  •^  ^  v£ '>\  ^  ^  ^  ■^ '■£  ^  r^  t^  \r^ 'A  ■£  ~'.  -t-'  -^  Le  0 

S"?  r;. 

t^  02  -M  0  'M  03  r^  t^  X  0  '^  t^  10  0  CI  0  le  X  X  0  0 

'-HT^X^iOXlMOO'OOXXOOClTt^t^^OiM 

lCiOiO<©COCOt~-t>XXXOO^rO-*'OCOX03'-H 

1— 11— (1— li— It— IT-Ht— 11— IC<1 

« 

e| 

NPIX^         \*^^\^          \^\^\^          \N          \N          \M          \N         \M 

Eg 

C^JIMCCCOCOCO-^-^-^-^iOiOCOOt^t^XXOOiO 

,— I,-!,— (,— IrHi— li— li— (1— It— It— li— li— 11— li— IrHi—li— (1— li— IW 

000000  q^o_^o_^o_^o__q^o_,o^o__q^o_^o_^o__o__q^ 
co~  Ti^"  t^"  of  T-T  co~  o"  0"  t>  c<r  o"  x'' t^""  Tin"  x"  0"  0"  cT  t^"  iC  C J 

o: 

2 

CO 

Q 
Z 

|o 

ofcd 

o  ft£ 
o    .'^ 

CO  00  0  (M  ■*  r^  <^<^„'*lt~^o^-*^t>^'-H^^_c»  <M^t^^_0  "-^^ 
T-T 1-H^  c^"  cf  (>f  (n"  c^~  eo~  CO  cc  tjh"  TjT  ^~  10  lO  lO  CO  CO  i>^  t^  00 

000000000000000000 000 

^  h  • 

aS 

o  a^ 

0000000  o_^o_^o__o  o_o__o_^o__  0  o_^o  o_o__o 

O  H 

n  tjh"  't"  -*"  i-o"  0  x"  cf  r-"  0'  ^^  0"  T-T  cT  --I"  t  -"  I  -  — '  0"  ^  0" 

^LfO--OCO'-iOrHiMiOOi'*^XXXO^O'-OCO 

CO^COt^Cii— ifOiCt^O^-^t^OilM  iC_0_<M_^iO^C2_CO_ 

^  ,_r  ,-r  i-T  T-T  (^f  (n"  c^"  (n"  c<r  co"  CO  ro"^  CO  ■*"-*"-*"  10"  0  lO  0" 

OOOOOOOOOOOOOOOOOOOOQ 

s 

^    . 

0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 

o 

o  0.5 

000000000000000000000 

S 

0    ." 

ox-*t^oxoiMxcot^'--*c;cox^^Q-Hco 

t- S  d" 

T-Hr-icoioxiMr^coot^ioioiocoodt^cooxt^ 

0^^  (MCO-^cOt^OOiM'^OX  O__C)_Lq_t~-^O_^C0_»0^Q0_ 

T-T rn" i-T .-T .-T  rH~ T-T T-T of  c^f  (^^  (^f  (>f  co~ co~  CO  CO  TjT TiT tjh" TiT 

0 

i 

5 

C  J3 

:5^:^;^  :^^^  n^:^;^^  ^:^:^  ^::^^  :s: 

£  s 

b-t^-t^XOOOOOOOiOJOOsOOOOT-ii— ii— iT-KNlM 

'^  c 

000000000000000000000 

u 

0  . 

CO  CO  o__  x_^  CO  I -;_  CO  o__  o__  o__  o__  0  o__  o_^  0  0  o_  o__  0  0  0 

u:rcror^'~ori-rcrco'"co'"o'~co'"co'~of  o'lo^o  ■^"x'co'o  lo 

w  2  cr 

fOiOCOOli— ii0XC0X-*Ot^>0-*C0'*»0t^^i0'-J 

'J'^W 

T-lT-irHC^C^CO'^'^iOCOt^XOi  0^<M_^CO_^»0 

1° 

,-l^rH^ 

^ 

S0808S8800800S0S08008 

2w 

§o.« 

COCOXl^— iCOt^t^OOOOOOOOOOOOO 

*"•      ■ 

r^OicO'-<coxt^^^iOTt<05'-<ocoio-^^coo<>i 

;5^  =■ 

(MCOiOt^O5'-i-*XOJCO'-<COCOC5t^iO-<ti'*-*CD00 

•7-    H 

H 
S 

i-iT-<T-<(M(MCOCO-*-*iO«C>l>0OO>  0 --H^ 

T-Ti-T 

'-    - 

§oggoooooooooooooooo3 

O 

2  S  d 

0  ClI] 

0   , 

0]_^  01_ -^_^  rt^  CO  0^  0  x__  o_^  o__  c  o_  o_  o_  o_^  0  o_  0  0  0  0 

t-  SS  o* 

i-T  0  i-T  ic  ,-h"  i-T  i^f  of  0"  ^f  of -<t"  •-<"■<*  ^"^  Tf"  ^o"  r--"  x' lo  cf 

(NeO'<l<»Ot^C5'-iCOt^OTj<XCOXTf<Ot-Tl<(M^O 

"M^W 

.-ii-ii-<(N(N(NCOCO-*»OiOCDI>X05 

E 

a 

oe| 

\^\«\^          \^\N\^         \^\NS^          \^^^\^         ^^^ 

5 

C^M?l(NCQMeceO-«J<^^-*0»0»OiO«0«0<©<©t^ 

"3    (U  -^ 

Qj  (VI  a; 
■^  -t^  ii 
CO  tc-g 

C  CJ^ 
O    O    QJ 

V  V  o 
u  u  1^ 
000 
«<_i  <*« «« 


02  CO  00 

a;  O)  o) 

03  03  w 

^  &  & 

000 

<B  a)  a> 

-kj  -tJ  *j 


.S-S.9 


;88 

1^0 


DETAILING    IN    GENERAL 


325 


9 

< 


Pi 

K 

H 

o 
m 

K 

<; 
O 

IS 

o 


> 

o 
"A 

Pi 
W 

o 

-<! 
O 


ss 


(M  --1  C^l  (>J 

O  O  O  lO  o  o 

t^^  O^  O  GO  -^^t"^ 

ooio"  •"^"co"  co'oo 

rH  1—1  <N  T-H  C^  >— 1 

8Q  OO  OO 

^;i,  ,_irt  (Ni-H 


OO  OO  OO  OO 

O  00  lO  O  GO  CO  <— I  lO 

(N  CO  <M  0_  '^1^  '^S\. 

■.^i-T  (©"co"  o6"Tjr  o^cd" 

T-i  j-t  1— li-H  1— l>-H  C^t— I 


OO  OO  OQ  OQ 

coo  OO  00  o  >o  o 

i-H  lO  o  o_  °c„^  "^^^ 

cocT  ioc<r  oco"  GOlo" 


OO  OO  OO  OO  OO 

1— I  iC  coco  lO  O  1^  GO  05  lO 

CQ  (M__  P_^„  '^^'^^  "*^^  '"L'X 

O  OO"  O-^C^  CO^rH"  kO  cT  t^  CO 


OO  OO  OO  OO  OO 

OOO  ^  lO  OO  ^lO  COO 

CO  lo  05 1^  >o  q^  o  (M_  ^J^^ 

oTt-T  ooo  (>rcr  ■<*  ^  lioc^ 


OO     OO  OO  OO  OO  OO 

coco     TfH  lO  ■*  GO  »o  O  OCO  OiO 

OO   -^t^  oq,oo_^  ^^l,o^  '©--h^  o_^(n_ 

i>rio"  oo~o~  oTr-T  .— i  oi  (NO  '^  ^ 


OO  OO  OO  OO 
iC  O  OO  »o  O  OO 
(MO     lOO     t^O     OO 


OO     OO 

lO  o    o  o 

(MO     lO  O 


CO^iff    t>~0~    00  l>^    O  00     1-H  (35     (>5  O 


OO    OO    OO    OO    OO 
ooo    r-00    oio    oco    »oo 

CO  lO  -^  CO  lO  fM  O  i— I  !>•  O 


OO  OO 

-*  00  •*  "O 

GO  GO   (35  t^ 


Tt'cO^  ic"-*""  O  iO~  t>0  OOt^  (35t^  2"^ 


:^ 


OO  OO  OO  OO  OO  OO  OO 

lOO  02  lO  coo  O  lO  OO  -*  lO  GOO 

t-fo  ot--  0»0  iOC-1^  »0^0^  Tt<__t-__  CO_^iO_ 

coco  •*  CO  lO'*"  oio  i>  CD  ooo  ort> 


OO  OO  OO  OO  OQ  OO  0(0 

coo  ^CO  (35  «o  t-CO  lOO  co=2  Ti.)^ 

T-H  lO  05  ^  <©  t-  -*^co__  "^^"^^  "R^-  °'?.'^^ 

fOC^  coco  '^CO  »0-*~  OiO  t^KO  t-^o 


OO  OO  OO     OO  OO  OO  (OO 

OO  coo  KTiO    GOO  OO  coo  iCO 

So  r-tiTi  j> o__  co__iq_  o__q^  o^o  o\p^ 

(>f(M  CO(N~  CO  CO     -*C0  IC-^  lOTjT  OiO 


p^ 


pt* 


lo  doqs 


be        m 
CO      fe 


"Sood  Oj 


COCsH     COfe     COp!M     COpi-(     ffipiH     MfiK     COpti 


OO  OO.OO  OO  QO  OO  OO 

OO  OO  OO  OO  OO  OO  OO 

OO  OO    OO  OO  o_^o_^  o^o_^  o^o^ 

o'o"  o'o"  o'o"  o'o"  o^o"  jfo"  OO 

Cq^  (M^     (Mt-h  (M^  (M'-^     <M^     <M^ 


coo     OO-*  00-*  coo  ;*CO  OCN  C^QO 

S  lo   o  ^  ■*  lo  o_^t»^  °<l'^„  "^J^^  '^J^^ 

rH  t-T  co'^f  T^co"  (©"■*"  i>  o  (sTt-T  ca  (35 

COfc    KftH  CCtn  a2[i<  CCipM  CfifM  CC  Pn 


.2  o  >  -g 


o 


CHAPTER  XVII 

SHOPWORK   AS   AFFECTING   BRIDGE    DESIGN 

Ever  since  metal  bridgework  was  started,  there  has  been  a  conflict 
of  opinion  between  the  engineers  and  draftsmen  of  the  independent  or 
consulting  bridge  engineers  and  those  of  the  manufacturers  of  structural 
metalwork.  The  consulting  bridge  engineers  and  their  assistants  look  at 
everything  from  the  point  of  view  of  obtaining  results,  perhaps  without 
full  appreciation  of  the  economics  involved;  while  the  manufacturers  and 
their  assistants,  on  the  other  hand,  are  constantly  bearing  in  mind  the 
necessity  of  keeping  down  the  cost  of  manufacture  and  erection  in  every 
possible  way  so  as  to  make  the  tonnage  of  output  as  great  and  the  time 
of  erection  as  small  as  practicable,  often  irrespective  of  the  true  interests 
of  the  purchaser.  Those  on  one  side  of  the  question  say:  "We  want  the 
work  to  be  right  no  matter  what  it  may  cost,"  and  those  on  the  other 
side  remark:  "What  is  the  sense  in  paying  for  useless  frills  and  furbelows? 
The  regular,  general  product  of  our  shops  ought  to  be  good  enough  for 
anybody."  Of  late  years  the  consulting  engineers  and  the  engineers  of 
the  manufacturing  companies  have  gradually  been  getting  into  better 
accord,  as  have  also  their  assistants,  because  many  of  them  have  had 
experience  in  both  lines  of  work. 

That  the  agreement  is  far  better  to-day  than  it  was  two  or  three  dec- 
ades ago  nobody  can  deny;  for  in  the  old  days  it  was  almost  obligatory 
to  leave  most  of  the  detailing  to  the  shops.  The  author  recalls  distinctly 
the  first  set  of  plans  for  important  bridgework  that  he  ever  prepared  and 
the  trouble  in  which  they  involved  him.  They  were  for  three  high, 
wrought-iron  towers,  each  having  four  battered  faces.  The  complete  set 
of  plans  was  designed,  drafted,  and  traced  by  him  with  his  own  hands. 
Being  entirely  ignorant  of  everything  connected  with  shopwork,  he  adopted 
the  academic  method  of  development  for  showing  the  tower  legs  so  as 
to  illustrate  clearly  (at  least  to  himself)  the  oblique  cuts  at  top  and  bot- 
tom for  the  attachment  of  the  bearing  plates.  The  entire  set  of  plans 
was  returned  by  the  shops  wdth  the  remark  that  nobody  there,  from  their 
chief  engineer  down,  could  understand  that  Idnd  of  drafting  or  had  ever 
seen  or  even  heard  of  it  before;  and  it  was  necessary  to  make  a  new  set 
in  which  only  ordinary  projection  was  employed,  laying  out  every  line 
of  each  column  and  brace  and  marking  thereon  its  length  calculated  to 
the  nearest  sixty-fourth  of  an  inch  so  as  to  determine  the  oblique  cuts 
at  the  ends. 
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But  in  spite  of  all  improvomcnts  in  the  conditions,  the  consulting  and 
the  manufacturing  engineers  have  not  yet  quite  gotten  together  on  all 
important  points.  Recognizing  this,  the  author  some  months  ago  wrote 
to  several  of  the  leading  engineers  engaged  in  structural  steel  manufac- 
ture asking  them  to  state  for  publication  in  this  treatise  the  principal 
points  wherein  they  differ  in  opinion  with  the  consulting  bridge  engineers 
in  general,  the  intention  being  to  bring  all  parties  into  still  closer  accord. 
Only  two  of  the  gentlemen  communicated  with  were  able  to  comply  with 
the  request;  but,  fortunately,  they  are  two  of  the  highest  authorities  in 
their  line  in  America,  viz.,  Paul  Wolfel,  Esq.,  C.E.,  Chief  Engineer  of  the 
McCliutic-Marshall  Company,  and  Albert  F.  Eeichmami,  Esq.,  C.E., 
Division  Engineer  of  the  American  Bridge  Company.  Their  communi- 
cations will  be  reproduced  practically  verbatim;  and  then  the  author 
will  take  the  liberty  of  stating  those  points  on  which  he,  as  a  consulting 
engineer,  still  has  to  differ  with  them  after  giving  due  and  thoughtful 
consideration  to  all  that  they  have  said.  He  desires  here  to  express  to 
them  his  great  appreciation  of  their  kindness  in  complying  with  his  re- 
quest, undoubtedly  at  the  expense  of  much  of  their  valuable  time  and 
energy,  and  also  to  acknowledge  the  great  worth  of  their  opinions  on  all 
practical  matters  connected  with  the  manufacture  of  structural  steel. 

]Mr.  AVolfel  sent  the  following  statement: 

"Points  To  Be  Considered  in  Order  To  Get  the  Best  Results  with  the  Least 
Expense  in  Designing  Steel  Structures. 

"  (A.)     Material. 

"  (1.)     Bear  in  mind  that  all  angles  over  6"  and  all  beams  over  15"  deep  cost  .$2.00 
per  ton  above  the  base  price. 

"(2.)     Bear  in  mind  that  for  large  plates  the  following  extras  govern: 
Plates  over  100"  up  to  110",  inclusive,    $1.00  per  ton 


110"   " 

"    115" 

" 

2.00 

115"    " 

"    120" 

ii 

3.00 

120"    " 

"    125" 

11 

5.00 

125"    " 

"    130" 

ti 

10.00 

130"    " 

(( 

20.00 

"Therefore  if  you  design  a  plate  girder  where  a  124"  web  will  undoubtedly  answer 
just  as  well,  do  not  use  a  126"  web,  as  this  will  cost  you  $5.00  per  ton  of  material  more 
than  you  would  have  to  pay  for  the  124"  web. 

"  (B.)     Shop  work.  ^ 

"(1.)  Make  your  design  so  that  all  extra  operations  are  avoided.  This  par- 
ticularly should  apply  to  large  and  heavy  members  or  to  small  members  used  in  large 
numbers.  The  work  on  these  pieces  should  be  kept  as  simple  as  possible,  and  any 
odd  work  that  has  to  be  done  should  be  confined  to  small  pieces  not  required  in  large 
numbers. 

"  (2.)  Do  not  make  the  work  subpunched  and  reamed  unless  necessary.  Particu- 
larly, do  not  subpunch  and  ream  laterals,  lateral  connections,  tie-plates,  lattice  bars, 
diaphragms,  and  other  minor  details. 

"(3.)  Do  not  call  for  work  drilled  from  the  sohd  unless  absolutely  necessary  or 
unless  by  so  doing  savings  otherwise  can  be  obtained. 
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"  (4.)  Reaming  to  templets  is  useless  unless  the  templets  can  be  set  from  finished 
surfaces,  as  in  chord  splices,  ends  of  stringers,  floor-beam  connections,  etc.  Reaming 
of  laterals  to  templets  is  liable  to  do  more  harm  than  good,  as  no  finished  surfaces  are 
available.  The  same  apphes  to  diagonals  in  trusswork.  While  in  a  punched  connec- 
tion a  few  holes  may  be  sUghtly  out,  which  can  be  corrected  in  the  field,  if  a  connec- 
tion is  reamed  to  templet  and  the  templet  is  not  properly  set,  aU  holes  will  be  equally 
out.  Riveted  trusses  should  be  reamed  in  the  maker's  shop  assembled,  and  when 
assembled  match-marked. 

"  (5.)  Never  call  for  edges  of  plates  to  be  planed  where  a  sheared  edge  wiU  an- 
swer, or  where  the  thicknesses  are  such  that  shearing  can  be  neatly  done. 

"  (6.)  Plate  girders  with  cover  plates  up  to  16"  in  width,  inclusive,  should  always 
be  designed  with  two  lines  of  rivets  in  these  cover  plates.  This  greatly  helps  in  the 
shop  and  materially  simplifies  the  notching  of  the  ties. 

"  (7.)  In  all  plate  girders  and  truss  stringers  the  lateral  system  should  be  suffi- 
ciently dropped  so  that  the  rivet  heads  of  the  same  clear  the  ties. 

"  (8.)  Wherever  possible  in  heavy  work,  avoid,  in  the  construction  of  the  chords 
or  web  members,  side  plates  or  doubUng  up  of  the  web  plates.  It  will  often  pay 
to  use  heavier  web  plates  without  side  plates,  even  if  they  have  to  be  druled  from  the 
solid.  If,  however,  webs  have  to  be  doubled  up  or  side  plates  used,  the  stitch  rivets 
made  necessary  by  this  construction  should  be  reduced  to  a  reasonable  amount.  If  a 
plate  is  used  as  a  cover  plate  in  a  chord,  it  is  good  practice  to  Hmit  its  thickness  to  l/40th 
of  the  distance  between  rivets.  If  the  same  plate  was  used  as  a  side  plate  in  a  chord, 
in  most  designs  two  or  three  times  as  many  lines  of  rivets  would  be  called  for  than  would 
be  necessary  by  the  above  hmits. 

"  (9.)  It  is  cheaper  and  better  to  use  heavy  chord  angles  in  stringers  than  fighter 
chord  angles  with  cover  plates.  Even  if  the  chord  angles,  on  account  of  the  increased 
thickness,  should  have  to  be  drilled  from  the  sohd,  this  will  hold  good. 

"  (10.)  Avoid  all  beveled  cuts  wherever  possible,  especially  beveled  cuts  for  angles 
that  cannot  be  obtained  by  cutting  multiple  pieces  from  a  long  piece;  also  beveled  cuts 
in  all  beams  and  channels,  as  these  have  to  be  sawed. 

"(11.)  One  of  the  biggest  savings  in  recent  years  in  bridge  shops  has  been  made 
by  the  use  of  multiple  punches.  These  not  only  reduce  the  cost  of  the  punching  proper, 
but  also  save  the  cost  of  making  templets  and  the  laying  out  of  the  material.  They 
further  give  far  superior  work;  as  the  effect  of  the  stretch  of  the  material  during  punch- 
ing on  the  accuracy  of  the  work  is  eliminated,  if  these  multiple  punches  are  properly 
constructed.  Their  use,  therefore,  should  be  encouraged  in  every  way.  In  order  to 
do  this,  it  is  necessary  to: 

"  (a.)     Keep  all  rivets  in  line  longitudinally. 

"  (6.)  Keep  as  many  rivets  in  line  transversely  as  possible  and  do  not  use  any 
more  combinations  of  rivets  transversely  than  necessary. 

"  (c.)  Never  have  the  longitudinal  lines  of  rivets  less  than  2}4"  apart,  nor  the 
transverse  fines  less  than  1^". 

"  (12.)  Do  not  crimp  stiffeners  if  it  can  be  hclj)ed,  especially  do  not  crimp  stiffenera 
of  short  lengths,  say  up  to  about  three  feet.  If  stiffeners  are  crimped  %"  or  more, 
the  crimp  is  unsightly;  and  better  and  more  sightly  work  will  be  obtained  by  using 
a  thin  filler  with  a  smaller  crimp.  Do  not  call  for  fillers  or  splice  plates  to  have  a 
tight  fit,  as  this  is  impracticable  in  the  shop.  The  stiffeners,  of  course,  should  have  a 
close  bearing.  Do  not  attempt  to  use  stiffeners  on  rolled  beams,  as  it  is  practicaUy 
impossible  to  give  them  a  tight  fit  against  the  flanges. 

"(13.)  Do  not  call  for  planing  of  the  base,  cap,  sole,  or  masonry  plates,  as  the 
mills  can  roll  the  same  closer  than  they  can  be  planed. 

"(14.)  Abolish  the  old  rule  of  GO  degs.  for  single  lacing,  as  this  makes  the  lacing 
entirely  too  close  for  narrow  members  and  is  quite  expensive  and  unsightly.  In  built 
members  of  a  box  section,  formed  by  either  rolled  or  built-up  channels,  wherever  pes- 
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siblc  turn  the  flanges  out.     This  applies  particularly  to  deck  spans,  where  nothing 
whatever  is  gained  by  turning  the  flanges  in. 

"(15.)  Avoid  all  hand  riveting  wherever  possible,  also  all  odd  riveting  that  has 
to  be  done  either  before  the  work  is  assembled  or  after  a  piece  is  finished  otherwise. 

"  (C.)     Design. 

"(1.)     On  short  plate-girder  spans  omit  the  bottom  lateral  system. 

"(2.)  On  plate  girders  of  medium  length,  vary  the  size  of  the  lateral  angles  as  little 
aa  possible,  taking  care  of  the  variation  of  the  section  by  varying  the  thickness. 

"  (3.)     Do  not  use  lug  angles  on  the  laterals  if  it  can  be  avoided. 

"(4.)  In  most  cases  it  will  simpUfy  the  shopwork  not  to  run  the  lateral  angles 
in  on  the  chord  angles  of  the  girder. 

"(5.)  Avoid  the  use  of  the  side  plates  wherever  possible.  If  they  have  to  be 
used,  arrange  them  as  per  sketch  (1)  or  (2)  but  never  as  per  sketch  (3).     (See  Fig.  17a.) 
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Fig.  17a.     Types  of  Built  Flanges  for  Plate-girder  Spans. 


"  (6.)  For  viaducts  keep  the  girder  spans  over  the  towers  and  between  the  towers 
of  the  same  depth,  as  a  shallow  girder  over  the  tower  greatly  complicates  the  erection. 

"(7.)  In  laying  out  viaducts,  keep  as  many  towers  alike  as  possible  by  varying 
your  foundations  in  height  as  far  as  practicable. 

"(8.)  In  square  girders  use  an  even  number  of  panels  for  the  bracing;  in  skew 
girders  an  odd  number. 

"(9.)  The  greatest  amount  of  duplication  in  skew  spans  will  be  obtained  if  the 
floor  is  laid  out  so  that  the  entire  span  can  be  revolved  around  a  central  point. 

"(10.)  In  riveted  truss  spans  the  simplest  construction  will  be  obtained  if  the 
end  pin  is  kept  below  the  bottom  chord. 

"(11.)  If  end  floor-beams  are  desired,  a  simpler  and  better  construction  is  ob- 
tained by  supporting  the  end  floor-beams  directly  on  shoes  and  roUers  and  not  riveting 
them  into  the  truss,  unless  the  same  has  vertical  end  posts. 

"  (12.)     In  pin  connected  work,  do  not  vary  the  size  of  pins  more  than  necessary. 

"(13.)  Where  stringers  frame  into  the  floor-beams,  if  possible  arrange  it  so  that 
the  stringer  connection  does  not  run  over  the  flange  angles  of  the  floor-beams. 

"(14.)     In  riveted  tension  members  use  tie-plates  in  place  of  lacing. 

"  (15.)  In  deck  trusses  and  double-track  viaducts,  support  the  stringers  and  longi- 
tudinal girders  on  top  of  the  floor-beams  and  don't  frame  them  in.  This  avoids  aU 
compUcation  as  to  expansion  in  viaducts. 

"(16.)     Do  not  call  for  a  bearing  of  the  web  plates  of  girders  on  the  sole  plate. 

"(17.)  In  deep  girders  do  not  make  the  web  thickness  less  than  I/I6O  of  the  depth 
of  the  girder,  as  otherwise  the  webs  are  liable  to  buckle. 

"(18.)  Where  webs  are  spliced,  allow  ample  clearance  and  keep  the  depth  of  the 
web  J^"  less  than  the  distance  out  to  out  of  flange  angles. 

"(19.)  Unless  milled  joints  are  called  for  in  the  chords  or  web  members  of  trusses, 
allow  clearance  where  the  webs  are  spliced  to  the  gussets  or  to  themselves. 

"(20.)  Round  corners  in  plate  girders  are  expensive.  Cambering  of  plate  girders, 
especially  short  girders,  is  useless  and  quite  expensive. 

"  (D.)     FieU  Work. 

"(1.)    Allow  ample  clearance  for  all  entering  connections. 
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"  (2.)  Provide  erection  shelves  for  girders  and  beams,  particularly  when  they 
frame  opposite  each  other. 

"  (3.)  Have  all  riveting  arranged  in  such  a  way  that  it  can  follow  the  erection  of 
the  work.  Riveting  should  never  be  allowed  to  interfere  with  the  raising  and  placing 
of  the  steel. 

"  (4.)  Be  sure  that  cross  frames  in  deck  bridges  can  be  swimg  in  place  without 
spreading  the  girders. 

"(5.)  Be  careful  in  through  plate  girders  to  arrange  your  stiffeners  so  that  the 
floor-beams  and  stringers  can  be  put  in  place  with  the  girders  in  their  final  position. 

"(6.)  Arrange  your  riveting  around  the  ends  of  the  spans  so  that  the  rivets  can 
be  driven  with  the  steel  in  the  final  position.  It  should  never  be  necessary  to  jack 
up  spans  to  drive  rivets. 

"(7.)  In  trough  floorwork,  especially  where  the  under  clearance  is  small,  arrange 
your  design  so  that  all  field  rivets  can  be  driven  from  the  top,  as  in  Fig.  176. 


Fig.  I7b.     Trough  Floor  Construction  for  Easy  Field  Riveting. 


"  (8.)  While  it  has  been  customary  to  call  for  25  per  cent  excess  for  all  field  rivets 
10  per  cent  excess  should  be  sufficient  if  the  rivets  are  driven  with  air  hammers. 

"  (E.)     General. 

"(1.)  In  preparing  the  stress  sheets,  plus  should  be  used  for  tension  and  minus 
for  compression,  as  in  figuring  deflections  the  plus  stress  will  then  be  applied  to  the 
member  the  length  of  which  will  be  increased  by  the  elastic  deformation. 

"(2.)  Constant  unit  stresses  should  be  used  for  tension,  compression,  shear,  bear- 
ing, etc.,  and  the  stresses  varied  by  adding  impact.  This  greatly  simpUfies  the  de- 
tailing and  makes  it  more  rational,  as  it  results  in  taking  care  of  a  certain  number  of 
square  inches  in  tension  always  by  the  same  number  of  square  inches  in  shear  and  in 
bearing,  etc." 

Mr.  lleichmann's  communication  reads  as  follows: 

"Shopwork  As  Affecting  BRiociK  Design. 

"Attention  is  called  to  various  details  whicli  will  enable  the  shop  to  handle  ma- 
terial to  better  advantage,  reduce  labor  and  fabrication,  and  generally  expedite  the 
work.  All  of  th(>se  items  are  very  important  in  lowering  the  fabrication  costs  and 
in  giving  quicker  deliveries.  Some  of  these  details,  because  of  their  simphcity,  also 
permit  of  better  shopwork.  For  instance,  when  power-driven  rivets  can  be  used  instead 
of  hand-driven  rivets,  the  finished  member  is  more  efficient ;  and  members  that  consist 
of  a  small  number  of  pieces  are  better  than  those  containing  a  greater  number. 

"  It  is  very  important  in  substitutions  of  material  as  given  herewit  h  that  the  strength, 
economy,  and  efficiency  of  the  member  be  not  impaired  by  such  substitutions.  Other 
elements  enter  into  this  discu-ssion,  such  as  greater  faciUties  of  erection,  cheaper  main- 
tenance, accessibility  for  repairs,  etc.  The  various  notes  given  are  subdivided  under 
different  headings  for  easy  reference.  All  points  which  apply  to  different  classes  of 
structures  are  placed  under  General  and  others  are  divided  under  the  headings  of 
Structural  Bridgework,  Bridge  Machinery,  and  Viaducts.     Types  of  work  not  covered 
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by  these  classifications  are  usually  of  such  special  detail  and  design  that  it  will  not 
be  necessary  to  note  them  except  in  a  general  way. 

"General. 

"Instead  of  using  close  lacing  on  compression  members,  it  is  often  advisable  to 
employ  a  solid  web.  This  will  sometimes  permit  the  use  of  a  lighter  weight  of  main 
angles  by  counting  the  web  as  part  of  the  section,  and  besides  it  will  greatly  facilitate 
the  painting. 

"For  tension  members  use  tie-plates  instead  of  lacing  bans.  The  exception  to  this 
i.-^  for  members  which  require  the  lacing  to  jirevent  sagging,  and  the  end  bottom  chords 
of  trusses.  The  tie-plates  have  the  advantage  of  getting  better  shop  rivets;  as,  when 
the  latter  pass  through  lacing  bars,  they  are  difficult  to  drive. 

"When  designing  lateral  angles  of  small  section,  omit  the  lug  angles  at  connec- 
tions. For  the  lighter  angles  it  is  not  important  to  develop  both  legs  in  tension  at 
the  connections.  Generally,  the  ends  of  laterals,  diagonals,  etc.,  should  be  designed 
square,  so  that  the  mill  lengths  can  be  used  without  additional  shearing  and  trimming. 
Channel  diagonals  of  truss  spans  when  turned  out  and  exposed  to  view  should,  how- 
ever, be  cut  on  a  bevel.  When  turned  in  and  not  exposed,  the  ends  should  be  square, 
if  possible. 

"For  box-shaped  columns,  diagonals,  chords,  etc.,  turn  the  angles  or  channels  out, 
where  permissible,  to  faciUtate  driving  of  rivets.  In  this  connection  it  may  be  stated 
that  the  rivets  can  then  be  driven  by  power  instead  of  by  hand,  which  would  not  be 
the  case  if  the  angles  or  channels  were  turned  in. 

"For  lacing,  the  lacing  bars  should  be  lapped  generally,  as  this  detail  wiU  save 
about  half  of  the  rivets.  A  common  error  is  to  design  heavy  compression  members 
with  the  lacing  bars  having  only  one  rivet  at  the  ends.  A  better  design  would  be  to 
use  wide  lacing  bars  with  two  rivets  at  the  end,  and  have  the  lacing  in  the  heavier 
members  reinforced  with  diaphragms  placed  a  proper  distance  apart. 

"Very  often  it  is  not  necessary  to  mill  the  ends  of  I-beams,  and  all  requirements 
are  fulfilled  by  setting  the  I-beams  back  from  the  face  of  the  connection  angles.  The 
designer  should  remember-  that  the  bridge  shops  are  prepared  to  rivet  on  connection 
angles  and  get  them  square  with  a  variation  in  the  length  of  the  beam  not  gi-eater 
than  1/32"  where  milling  is  waived.  The  object  of  milling  is  to  secure  the  right  length 
and  square  ends,  but  this  object  can  be  obtained  without  the  use  of  milling.  Connection 
angles  should  never  be  fitted  between  the  flanges  of  the  I-beams,  as  the  beams  of  the 
same  section  vary  in  size,  and  as  it  causes  extra  work  to  grind  the  connection  angles 
to  fit.  Sometimes  angles  are  fitted  between  flanges  of  I-beams  to  carry  concentrated 
loads.  This  detail,  because  of  its  uncertainty  in  action,  should  be  avoided,  where  the 
design  will  permit,  by  using  heavy  beams  or  more  beams  to  distribute  the  loads. 

"Fitted  stifTeners,  where  not  required  for  carrying  a  bearing,  should  be  avoided. 
The  stiffeners  fitted  at  one  end  are  particularly  difficult  to  fit  up  so  as  to  secure  good 
results  in  the  shop. 

"Never  bend  plates  on  the  width.  When  it  is  necessary  to  use  plates  which  are 
circular  m  elevation  cut  the  pieces  out  of  plates  of  large  enough  dimensions  so  that 
the  bending  is  not  necessary.  It  is  clear  in  this  case  that  the  bending  of  plates  on 
the  width  is  verj'  difficult  to  attain  because  of  the  stretching  on  the  ten.sion  side  and 
the  buckling  on  the  compression  side. 

"The  designer  should  always  remember  to  allow  plenty  of  clearance  at  the  ends  of 
sheared  members  so  as  to  take  up  variations  of  shopwork.  One-half  inch  clearance 
is  considered  a  minimum  for  sheared  ends.  For  entering  connections,  plenty  of  clear- 
ance should  be  allowed,  as  a  great  many  of  the  difficulties  in  erection  are  due  to  lack 
of  clearance;  besides,  giving  reasonable  clearance  will  permit  of  more  rapid  shopwork 
and  the  avoidance  of  many  errors  in  the  field  due  to  inaccuracies  thereof. 
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"Good  results  are  obtained  by  straightening  base,  sole,  and  cap-plates — instead  of 
planing  them — up  to  IH"  thick.     Beyond  this  thickness  the  plates  should  be  planed. 

"Avoid  crimping  long  flange  angles,  as  it  is  very  difficult  to  handle  a  piece  of  great 
length  in  the  crimping  press. 

"On  floor-plates,  skew-back  angles,  stiffening  channels,  etc.,  space  the  rivets  8  to 
12".  On  some  classes  of  work  the  spacing  of  rivets  may  be  even  greater,  all  depend- 
ing upon  the  conditions  under  which  the  material  is  used.  Eliminate  excessive  numbers 
of  rivets.  Study  each  Une  of  rivets  and  reduce  the  number  of  those  which  are  not 
required  to  transmit  stress. 

"For  a  great  many  purposes  an  angle  railing  will  be  satisfactory.  In  such  cases 
avoid  the  use  of  the  more  expensive  gas-pipe  railing. 

"When  designing  the  size  of  stiffener  angles  to  transmit  bearing,  as  at  the  end  of  a 
plate-girder,  the  outstanding  leg  only  should  be  counted  for  bearing,  because  of  the 
variations  in  the  fiUets  and  the  uncertainty  of  getting  a  tight  fit. 

"For  tension  bracing,  in  designing,  give  preference  to  angle  bracing  instead  of 
rod  bracing.  It  is  possible  thereby  to  use  simpler  connections,  and  the  structure  is 
also  more  rigid.  Care,  however,  should  be  taken  that  the  vertical  leg  is  large  enough 
BO  that  the  sagging  due  to  its  own  weight  is  not  excessive.  In  detailing  the  bracing 
a  draw  is  allowed  in  the  lengths  of  the  pieces  so  that  the  angles  may  be  pulled  up  taut.. 

"While  this  article  does  not  discuss  the  subject  of  expansion,  it  is  often  advisable 
to  provide,  in  addition  to  the  usual  allowance  for  expansion,  a  small  amount  for  erect- 
ing the  metal,  due  to  what  is  called  the  'growth  of  steel.'  For  viaducts  such  ad- 
justment should  be  provided  about  every  400  feet;  and  similarly  for  mill-building 
work  it  is  necessary  to  consider  effects  of  adjustment,  even  if  it  is  decided  not  to  take 
care  of  expansion,  while  in  other  structures  the  joints  for  expansion  will  also  serve 
the  purpose  of  adjustment. 

"Designs  should  be  made  to  afford  the  bridge  shops  every  faciUty  possible  for  using 
their  machinery  to  advantage.  For  instance,  details  should  be  arranged  for  multiple 
punch  spacing,  and  to  suit  the  requirements  for  bending,  machining,  and  the  various 
other  operations  which  are  governed  by  the  shop  equipment. 

"The  expansion  points  for  stringers,  or  elevated  railroad-girders  where  pockets  are 
used,  sometimes  have  not  enough  space  behind  the  end  stifTeners  of  the  expansion 
girders  to  allow  for  the  insertion  of  rivets  through  the  end  connections  of  the  fixed 
girders.  It  should  be  remembered  that  the  expansion  and  the  fixed-end  stringers  are 
erected  before  the  rivets  in  the  connection  of  the  fixed  stringers  are  driven. 

"When  columns  are  set  to  stone  bolts,  which  have  been  imbedded  in  masonry, 
the  holes  should  be  ^"  or  1"  larger  than  the  diameter  of  the  bolt  so  as  to  provide 
adjustment  to  take  care  of  the  inaccuracies  in  setting  the  bolts  in  the  concrete. 

"In  the  design  of  structural  work  for  all  purposes,  more  consideration  should  be 
given  by  the  designer  to  the  sections  which  are  used.  Special  material  should  be 
avoided,  if  possible,  sections  varying  by  re  inch  should  be  so  combined  as  to  use  one 
section  as  far  as  possible,  and  specual  sections  of  small  quantities  should  be  eliminated 
entirely.  Very  often  the  delivery  on  the  contract  is  delayed  because  the  shop  has 
to  wait  for  a  small  quantity  of  a  special  section  which  is  not  rolled  on  time.  Com- 
pliance with  the  above  will  insure  better  deliveries  from  the  mill  and  quicker  fabri- 
cation in  the  shop;   and  all  parties  concerned  will  be  benefited  thereby. 

"When  ordering  plates,  the  designer  should  adhere  to  standard  dimensions  as 
far  as  possible.  This  can  always  be  done  in  the  case  of  lateral-  and  gusset-plates,  but  a 
special  width  may  be  necessary  at  times  for  the  webs  of  stringer  or  girders.  Standard 
widths  for  plates  are  7,  S,  9,  10,  11,  12,  i;^,  14,  Ifj,  16,  18,  20,  24,  30,  36,  and  48  inches. 

"Plates  with  bc^vehnl  (iuts  should  be  designed  with  the  idea  of  cutting  in  the  shop 
in  the  most  economical  maimer  with  the  least  number  of  cuts  and  the  least  waste. 

"In  determining  what  girder  si)ans  should  be  cambered,  we  would  recommend 
that  camber  be  omitted  on  all  plate-girders  under  75  ft.  in  length. 


SHOPWORK   AS   AFFECTING    BRIDGE    DESIGN  333 

"For  the  camber  of  trusses  up  to  200  ft.  increase  the  top  chord  in  length  J^"  per 
10  ft.  For  trusses  over  200  ft.  we  would  recommend  figuring  the  actual  deformations 
for  each  member  and  correcting  the  lengths  of  the  members  in  accordance  with  same. 

"To  secure  a  substantial  and  practical  pipe  handrailing,  the  i)ipes  for  the  posts 
should  be  threaded  for  fittings,  and  the  rails  should  be  fastened  to  the  fittings  with 
pins.  The  rails  are  ordered  in  random  lengths  and  are  held  together  between  the 
posts  with  coupUngs. 

"Standards  for  the  gauges  of  angles  will  not  be  adaptable  for  all  cases.  To  enabiO 
the  shop  to  use  a  gauge-setting  machine,  gauges  of  IH",  l/^8">  ^H",  2",  21^",  2H"> 
3",  3}  2",  and  4%"  should  be  used  wherever  possible. 

"Information  should  be  furnished  to  the  fabricating  shop,  specifying  the  end  of 
the  structure  which  is  to  be  erected  first,  it  being  very  desirable  to  fabricate  the  work 
in  the  order  of  erection  and  also  to  note  the  direction  of  long  plate-girders,  so  as  to 
save  turning  them  during  shipment,  at  the  shop,  or  in  the  field. 

"For  members  with  material  from  %"  to  1"  thick,  or  where  the  grips  of  rivets  ex- 
ceed 4",  use  1"  instead  of  %"  rivets.  As  the  1"  rivets  are  about  30  per  cent  better 
than  the  %"  rivets,  their  number  should  be  decreased  in  about  the  same  proportion. 

"Structural  Bridgework. 

"On  chord  or  column  sections  extending  over  two  panels  with  the  same  depth  of 
section,  but  with  smaller  area  required,  the  increased  weight  of  the  shop  splices  will 
offset  the  increase  in  weight  due  to  making  both  sections  the  same,  the  big  advantage  in 
the  latter,  of  coui'se,  being  that  the  material  is  continuous  without  the  splice. 

"Frequently,  on  stringers  and  light  girders,  the  webs  are  designed  very  Hght,  which 
necessitates  the  use  of  many  stiffeners  to  prevent  the  backhng  of  the  webs.  It  is 
often  a  big  advantage  to  thicken  the  web  and  omit  the  stiffeners.  The  weight  in  either 
case  is  about  the  same,  as  the  omission  of  the  stiffeners  will  offset  the  increased  weight 
of  the  thicker  web. 

"For  chord  sections,  the  employment  of  reinforcing  plates  between  angles  should 
be  avoided  by  using  additional  web-plates  the  full  depth  of  the  chord.  This  design 
has  the  advantage  of  connecting  more  of  the  main  material  to  the  flange  angles  direct, 
and  avoids  the  use  of  a  great  many  rivets  which  are  necessary  to  connect  the  reinforc- 
ing plates  to  webs.  When  two  webs  are  riveted  together  the  rivets  should  be  about 
12"  from  centre  to  centre,  the  edges  of  the  webs,  of  course,  being  held  together  by 
the  rivets  through  the  flange  angles. 

"Bent  top  flange  angles  of  through  girders  should  be  spliced  near  the  ends  of  the 
girder  in  order  to  permit  of  better  handling  in  the  shop.  When  this  is  not  done,  it 
often  means  that  the  long  angles  have  to  be  swung  across  the  shop,  thereby  interfering 
with  other  operations. 

"Sometimes  roimd-end  girders  are  used  when  square-end  ones  would  be  satisfactory. 
The  advantage  of  square  ends,  of  course,  is  apparent.  The  round  ends  increase  the 
shopwork  very  materially.  The  radius  of  round  ends  should  not  be  less  than  2'  6", 
as  the  shopwork  for  round  ends  of  small  radii  is  not  as  satisfactory  as  that  for  those  of 
large  radii.  For  round-end  girders  with  side  plates,  the  latter  should  be  cut  where 
the  bottom  edge  meets  the  curvature  of  the  flange  angle.  The  space  under  the  flange 
angles  beyond  the  side  plates  and  above  the  web  reinforcing  plates  is  to  be  filled  with 
fillers.  This  detail  avoids  the  bending  of  the  side  plates  or  the  use  of  plates  with  re- 
entrant cuts. 

"On  skew  spans  the  design  should  be  studied  with  the  object  of  squaring  the  ends 
of  stringers,  end  frames,  etc.  WTien  the  skew  is  slight,  it  is  often  a  verj^  simple  matter 
to  square  the  end  of  the  cross  frame  instead  of  using  a  skew  frame. 

"When  trough  sections  or  I-beams  rest  on  the  tops  of  columns,  the  milling  of  the 
said  tops  is  not  necessary,  as  the  end  shears  from  the  troughs  are  carried  by  the  cross- 
girders. 
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"For  skew  crossings,  subways,  etc.,  the  amount  of  skew  varies  often  by  small 
amounts.  The  designer  can  simplify  the  work  very  materially  by  using  the  same 
amount  of  skew  so  that  all  cross-girders,  trough  sections,  and  I-beams  may  be  made 
identical  for  the  various  crossings. 

"Instead  of  using  built-up  bolsters  which  are  uncertain  in  their  workmanship  be- 
cause of  the  fitted  stiff eners,  use  cast  iron  for  hght  work  and  cast  steel  for  heavier  work. 
For  compUcated  pin-bearing  shoes,  very  good  results  can  be  obtained  by  using  cast 
steel  instead  of  building  up  with  a  large  number  of  plates  and  stiffeners.  All  rail  beds, 
where  permissible,  should  be  of  cast  steel.  The  top  of  the  casting  should  be  grooved 
to  distribute  the  loads  to  the  web  of  the  casting. 

"When  designing  the  sections  for  top  chords  and  end  posts,  the  centre  of  gravity 
IS  above  the  middle  of  the  member.  The  details,  however,  are  simpler  if  the  centres 
of  pin-holes  and  working  lines  are  designed  to  be  in  the  middle  of  the  member.  It  is 
not  necessary  to  change  the  w^orking  Une  to  the  centre  of  gravity  as  the  weight  of  the 
member  will,  to  some  extent,  offset  the  effect  of  the  uns3Tnmetrical  section. 

"A  common  mistake  in  design  is  to  proportion  the  members  with  too  small  a  width, 
causing  considerable  trouble  in  packing  the  pins  and  in  making  room  for  the  verticals, 
pin  plates,  etc.  Another  bad  feature  of  narrow  chords  is  that  practically  all  rivets  around 
the  connections  must  be  countersunk  because  of  close  space,  and  the  ends  of  the  posts 
must  be  cut  away  for  clearance,  thereby  weakening  the  said  ends.  By  adopting  chords 
of  larger  widths  much  better  details  can  be  used  around  the  pins  at  panel-points. 

"The  sizes  of  pins  should  be  determined  with  the  idea  of  using  as  few  different 
diameters  as  possible;  generally  two  or  three  sizes  are  sufficient  for  one  span.  It  is 
not  altogether  a  waste  of  material  to  use  larger  pins  than  necessary,  as  the  bearing 
plates  can  be  reduced  in  thickness. 

"Eye-bars,  adjustable  members,  turnbuckles,  screw  threads,  segmental  rollers,  dev- 
ices, upsets,  etc.,  should  be  designed  according  to  the  standards  of  the  bridge  manufac- 
turers, for  quicker  dehveries  and  better  fabrication  are  obtained  by  the  use  of  standards. 

"On  cross-girders  for  subway  crossings,  the  top  and  the  bottom  flanges  of  the  girder 
are  notched  to  clear  the  flanges  of  the  columns  to  which  they  connect.  The  tendency 
is  to  fit  the  notch  with  too  little  clearance,  and  sometimes  the  cross-girders  will  not 
clear  the  rivet  heads  which  project  inside  of  the  flanges  of  the  columns. 

"The  cap  plates  on  top  of  the  columns  should  be  left  so  as  to  be  field-riveted,  in 
order  that  the  cross-girders  may  be  dropped  into  place  without  spreading  the  column. 

"When  two  or  more  truss  spans  are  identical,  or  when  they  are  similar  and  have 
the  same  field  connections,  the  field  holes  should  be  reamed  to  an  iron  templet  in  place 
of  reaming  them  while  the  members  are  assembled.  This  will  facihtate  the  delivery 
of  the  work,  and  will  make  identical  members  thi-oughout  the  structure  interchange- 
able. The  advantages  in  the  field  are  evident,  less  time  being  spent  in  sorting  and 
finding  material. 

"When  the  specifications  call  for  material  drilled  from  the  solid  on  account  of  the 
use  of  alloy,  high  carbon,  or  very  thick  ordinary  steel,  the  members  should  be  designed 
with  as  few  pieces  as  possible.  Instead  of  using  ^i"  or  %"  plates,  which  generally 
are  of  the  right  thickness  for  punched  work,  the  material  should  be  ordered  as  thick 
as  permissible  within  the  mill  requirements. 

"Notes  on  Bridge  Erecting. 

"  In  the  designing  of  details  extreme  care  should  be  exercised  in  arranging  all  joints 
and  connections,  so  that  the  work  cannot  only  be  built  at  the  shop  for  the  least  cost 
in  labor  and  material,  but  also  that  it  may  be  erected  most  economically  and 
with  a  minimum  of  risk.  In  the  case  of  bridgework,  all  connections  should  be  so 
detailed  that  spans  can  be  connected  and  made  self-sustaining  and  safe  in  the  shortest 
possible  time. 
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"Unless  for  special  reasons,  it  is  usually  customary  to  begin  the  erection  of  pin- 
connected  spans  at  the  centre  panel,  as  this  panel  has  adjustable  members  and  the 
trusses  can  be  squared  up  there  before  proceeding.  The  details  should,  therefore,  be 
so  arranged  that  the  centre  panel  can  be  completed  and  made  self-sustaining  before  the 
traveler  is  moved  to  the  next  panel.  It  is  the  usual  custom  for  the  erection  to  pro- 
ceed from  the  centre  panel  toward  the  fixed  end,  and  after  this  half  of  the  span  is  erected, 
to  procee<l  toward  the  roller  end.  Top  chord  sections  in  any  particular  panel  are  put 
in  place  after  the  posts  and  bars  are  erected;  and  it  is  especially  desirable  in  heavy 
woric  that  the  details  be  so  arranged  that  these  chord  sections  can  be  hfted  above  the 
posts  and  set  directly  in  place  without  being  moved  on  end  or  sideways.  Therefore, 
plates  connecting  two  adjoining  chord  sections  in  heavy  work  should  always  be  shipped 
loose. 

"Wherever  possible,  in  all  truss  spans  the  floor  connections  should  be  so  arranged 
that  the  floor  sj'stem  can  be  put  in  place  either  before  or  after  the  trusses  have  been 
erected  in  their  final  position.  It  is  usually  customary,  where  local  conditions  will 
permit,  to  put  the  floor  system  in  place  first  and  erect  the  trusses  afterward.  This 
method  of  procedure  has  a  great  many  advantages  over  that  of  raising  the  trusses  first,  viz.: 
there  is  a  large  saving  in  falsework,  as  longer  panels  can  be  used,  putting  bents  directly 
under  the  panel-points  and  using  the  new  floor  system  for  carrying  traffic  and  for  run- 
ning out  material  for  the  trusses;  it  permits  the  posts  to  be  bolted  to  the  floor- 
beams  and  released  from  the  tackles  on  the  travelers;  it  fixes  the  exact  position  of  the 
shoes  on  the  piers  so  that  we  can  proceed  with  the  erection  from  the  centre  either  toward 
the  fixed  or  the  roller  end,  as  we  may  prefer;  it  has  the  advantage  of  giving  more  op- 
portunity for  jacking  up  the  spans  in  order  to  secure  proper  camber;  and  it  requires 
a  minimum  amount  of  blocking.  There  are  other  features  which  render  it  desirable, 
where  possible,  to  erect  the  floor  system  in  advance  of  the  trusses.  Over  dangerous 
streams,  however,  where  there  is  a  possibility  of  loss  during  the  erection,  it  is  some- 
times desirable  to  erect  the  trusses  first,  so  as  to  have  as  Uttle  material  on  the  false- 
work as  practicable  and  thus  minimize  the  amount  endangered.  There  are  also  some- 
times certain  local  conditions  which  make  it  imperative  that  the  trusses  be  erected 
first;  and,  therefore,  it  is  important,  wherever  possible,  that  details  be  so  arranged 
that  either  method  can  be  used.  In  the  erection  of  through,  riveted,  lattice  spans,  it 
is  customary  to  place  the  floor  system  first,  then  to  put  the  lower  chords  in  position, 
set  up  the  web  members,  and  put  the  top  chords  on  last.  Therefore,  it  is  more  ad- 
vantageous to  have  the  gusset-plates  connecting  the  web  members  with  top  chord 
riveted  to  the  top  chord  sections  rather  than  to  posts  or  diagonals,  as  the  rivets  in 
gusset-plates  connecting  top  chords  with  web  members  are  more  easily  driven  in  the  web 
members  than  in  the  top  chord  sections. 

"In  the  case  of  through  plate-gh-ders,  the  details  of  the  floor  system  should  be 
so  arranged  that  the  stringers  and  floor-beams  can  be  put  in  place,  panel  by  panel, 
without  the  necessity  of  spreading  the  main  girders.  Particularly  is  this  the  case  in 
'Rolling  Lift  Bridges,'  which,  in  the  majority  of  cases,  have  to  be  erected  in  an  up- 
right position,  and  where  it  is  extremely  dangerous  and  practically  an  impossible  opera- 
tion to  spread  the  trusses  in  order  to  put  in  place  the  floor  system. 

"Top  chord  sections  with  half  pin-ho).es,  having  a  hinge-plate  on  each  section  are 
undesirable.  When  half  pin-holes  are  used,  if  possible  put  a  hinge-plate  on  one  sec- 
tion only  and  make  it  long  enough  to  rivet  or  bolt  to  the  adjoining  section  when  in 
place.  Hinge-plates  should  be  arranged  so  as  to  give  two  full  pin-holes  in  centre  chord 
sections,  and  should  be  put  on  the  ends  farthest  from  the  centre  on  the  other  sections, 
except  in  special  cases  when  it  is  necessary  to  commence  raising  spans  from  the  end 
instead  of  the  centre. 

"Entering  connections  are  usually  the  most  difficult  and  expensive  to  make;  and 
where  at  all  possible,  entering  connections  of  any  character  should  be  avoided,  but 
where  they  must  be  used,  particular  attention  should  be  given  to  insure  necessary 
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clearancos.  An  entering  connection  is  not  only  an  expensive  and  dangerous  operation, 
but  in  a  great  many  cases  it  cannot  be  accomplished  on  account  of  the  interference 
with  back  walls,  adjoining  spans,  etc. 

"It  is  of  the  greatest  importance  to  allow  ample  clearance  where  members  are 
packed  inside  of  chords,  posts,  etc.,  as  lack  of  proper  clearance  causes  much  trouble 
and  expense,  not  only  augmenting  the  cost  of  erection  by  increasing  the  time  required 
for  making  the  span  safe,  but  adding  materially  to  the  risk.  In  putting  in  tie-bars 
and  diagonals,  it  is  customary  to  connect  them  on  the  bottom  chord  pins  first,  and  then 
swing  them  into  the  chords  and  posts  around  the  lower  pins  as  a  centre.  All  rivet 
heads  coming  in  the  path  of  bars  swung  in  this  way  should  be  cleared.  Too  much 
attention  cannot  be  given  to  this  matter  of  proper  clearance.  Particularly  is  this  the 
case  in  through  and  deck  riveted  lattice  spans,  which  are  being  erected  now  more  than 
ever  before  with  the  use  of  a  derrick  car  with  one  boom;  and  the  appliances  for  pull- 
ing tight-fitting  members  into  place  are  not  always  present,  as  was  the  case  formerly 
when  these  spans  were  erected  by  a  gantry  traveler.  For  adjustable  rods  packed  close 
together,  the  sleeve  nuts  should  be  staggered.  Attention  should  be  given  to  the  field 
connections  so  that  enough  space  is  allowed  around  all  field  rivets  to  enable  them  to 
be  driven. 

"All  lateral  bracing,  hitch  plates,  rivet  heads  in  laterals,  etc.,  should  be  kept  enough 
below  the  level  of  the  top  chords  of  girders,  stringers,  etc.,  so  that  the  ties  when  in 
place  will  not  foul  them,  it  being  an  expensive  operation  to  notch  ties  to  clear  such 
obstructions. 

"MTiere  laterals  and  hitch  plates  do  not  interfere  with  the  loading  of  girders,  and 
are  not  of  such  character  as  will  allow  them  to  be  easily  broken  off,  they  should  be 
riveted  to  the  said  girders;  otherwise,  they  should  be  shipped  loose  or  riveted  to  the 
braces. 

"Particular  attention  should  be  given  to  the  question  of  field  riveting.  Details 
should  be  closely  examined  with  a  view  of  minimizing  the  number  of  field  rivets. 

"It  is  not  advisable  to  put  two  shoes  on  one  bed-plate;  but  if  this  cannot  be  avoided, 
the  bed-plate  should  be  made  longer  and  the  anchor  holes  should  be  slotted  to  allow  for 
variations  in  masonry. 

"In  the  above  suggestions  of  the  points  to  be  observed  in  order  to  facilitate  the 
work  of  erection,  the  subject  has  been  confined  mostly  to  bridgework;  the  general  prin- 
ciples, however,  apply  also  to  building  work,  particularly  in  the  case  of  clearances,  though 
entering  connections,  of  course,  cannot  be  avoided  so  much  in  building  work  as  in 
bridgework. 

"The  following  are  the  most  important  points  to  be  observed  in  detailing,  in  order  to 
faciUtate  and  cheapen  erection: 

"(a)  Avoid  as  far  as  possible  entering  connections. 

'(b)  See  that  proper  clearances  are  given. 

"(c)  Minimize  the  number  of  field  rivets. 

"Bridge  Machinery. 

"When  designing  machinery  it  is  quite  common  to  model  it  after  that  in  a  former 
structure.  When  this  is  possible,  design  the  machinery  so  as  to  use  as  many  of  the 
old  patterns  as  can  be  utilized,  thereby  effecting  an  economy.  It  might  be  added 
that  a  repetition  of  patterns  will  also  be  of  considerable  help  to  the  bridge  shop.  It  is 
sometimes  the  case  that  variations  are  made  without  any  advantage. 

"The  duties  of  each  casting  should  be  considered.  For  unimportant  ones  cast 
iron  shoidd  be  specified,  and  cast  steel  for  those  which  are  in  bending  or  which  carry 
large  stresses.  For  a  great  many  iron  bases  it  is  not  necessary  to  plane  the  bottoms 
if  resting  on  masonry.  Steel  castings,  however,  should  be  rough  finished  if  resting 
on  masonry.  All  castings  which  rest  on  other  castings  or  on  structural  steel  should, 
however,  be  finished. 
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"In  designing  structural  work  for  niovablo  bridfj;ps,  sufficient,  clearance  should  be 
allowed  between  the  movable  and  the  fixed  portions  of  the  bridf^e.  If  possible,  two 
inches  should  be  provided  for  such  clearance. 

"Important  holes  in  structural  work  connecting  machinery  should  be  reamed  in 
the  shop  with  the  machinery  assembled.  Shims  should  be  provided  for  vertical  ad- 
justment wherever  requiretl.  If,  in  the  judgment  of  the  designer,  it  is  extremely  dif- 
ficult to  a.ssenible  the  structural  work  in  the  shop,  and  if  such  assembling  would  not 
ensure  perfect  adjustment  of  the  machinery,  it  is  often  advisable  to  note  on  the  draw- 
ings that  certain  holes  in  the  structural  work  connecting  machinery  are  to  be  drilled 
in  the  field.  Verj^  often  drilling  in  the  field  is  much  cheaper  than  assembling  in  the 
shop,  and  gives  better  results. 

"For  babbitt  bearings,  notches  should  be  provided  in  the  casting  to  hold  the  bab- 
bitt in  place.  These  notches  should  be  placed  close  to  the  point  where  the  bearing  is 
spht  so  as  to  prevent  the  babbitt  from  springing  up  at  the  ends.  For  phosphor  bronze 
bushings,  the  bushings  should  be  held  in  place  with  short  dowel  pins.  If  the  dowel 
pin  penetrates  through  the  bearing,  it  should  be  of  brass.  The  castings  for  split  bronze 
bushings  should  be  ordered  from  the  foundry  as  a  full  circle;  for  the  clearance  at  the 
centre  line  will  permit  the  machine  shop  to  cut  the  bushing  in  half  after  finishing. 

"For  the  racks  of  rim-bearing  draw  spans,  finish  the  top  surface  so  as  to  enable 
the  machine  shop  to  rotate  the  drum  on  the  top  of  the  rack  while  machining  the  top 
and  bottom  tread  plates. 

"Use  cold  rolled  shafting  tor  3"  and  under,  as  it  gives  very  good  results  for  Ught 
work.  Shafting  over  3"  in  diameter  should  be  forged  and  turned.  When  forged 
shafting  is  used,  the  portion  required  for  bearings  and  gears  only  should  be  finished, 
the  remainder  being  left  rough  as  forged. 

"As  there  is  a  great  variety  of  specifications  for  special  material,  such  as  phosphor 
bronze,  babbitt,  cast  steel,  etc.,  the  designer  should  embody  these  compositions  for 
the  various  materials  in  his  specifications  or  on  his  general  drawings.  Due  consider- 
ation should  be  given  to  the  conditions  under  which  the  special  material  is  used.  For 
instance,  for  a  low-speed  bearing,  a  babbitt  should  not  be  specified  which  is  ordinarily 
used  for  high-speed  bearings. 

"On  cast -steel  bearings  the  bosses  under  the  heads  or  nuts  of  bolts  should  be  finished. 
This  finishing,  however,  is  not  required  when  cast  iron  is  used.  For  unimportant  cast- 
ings the  designer  should  specify  cast  iron.  Frequently  cast  iron  is  just  as  satisfactory 
for  some  details  as  cast  steel  would  be.  Cast  steel  should  be  designed  somewhat  dif- 
ferently from  cast  iron  as  regards  clearances  and  rules  for  shrinkage.  It  should  be 
remembered  that  due  to  unequal  thicknesses  the  cast  steel  will  be  warped  considerably ; 
and  this  should  be  considered  in  allowing  for  clearances  and  for  over-run  and  under-run. 

"Sometimes  a  bearing  composed  of  one-half  babbitt  and  one-half  bronze  is  specified. 
The  portion  which  carries  the  load,  of  course,  is  the  bronze  part.  This  is  unsatisfactory 
to  obtain  good  results  in  the  shop.     It  is  better  to  specify  an  entire  bearing  of  bronze. 

"Considerable  confusion  has  been  caused  in  the  past  by  having  gear  teeth  figured 
to  both  circular  and  diametrical  pitch.  We  would  recommend  that  diametrical  pitch 
be  used  in  all  cases  by  all  designers,  as  the  standard  gear  cutters  on  the  market  are 
based  thereon. 

"Segmental  rollers  for  expansion  ends  should,  preferably,  be  made  of  forgings, 
with  sides  forged  smooth  and  parallel.  We  would  recommend  a  standard  size  of  these 
rollers  to  be  6"  finished  diameter  and  4"  wide.  The  teeth  for  holding  these  rollers  in 
place  should  be  of  a  standard  size  2"  wide  and  1"  thick.  Use  standard  tap  bolts  for 
holding  the  keys  and  bars  in  place. 

"Turned  bolts  should  be  employed  for  cases  where  the  bolt  is  in  shear  or  where 
it  carries  vibration,  as  in  the  case  of  bearing  boxes.  The  turned  bolts  should  be  1/32" 
smaller  than  the  size  of  the  reamed  or  drilled  hole,  which  should  be  given  in  sixteenths, 
and  the  size  of  the  thread  and  nut  should  be  1/32  smaller  than  the  diameter  of  the  bolt, 
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which  from  the  sizes  given  herewith  will  always  make  the  sizes  of  thread  and  nut  in 
even  eighths  or  quarters.  To  illustrate  this,  if  the  designer  specifies  a  J^  bolt,  the 
size  of  the  reamed  or  drilled  hole  will  be  ^/e,  the  diameter  of  the  bolt  will  be  ^^/^,  and 
the  size  of  thread  and  nut  will  be  K  diameter. 

"Steel  castings  which  carry  bending  stress  should  be  annealed.  It  is  not  neces- 
sary to  anneal  steel  castings  used  for  shaft  bearings  or  those  which  carry  direct  com- 
pression only. 

"An  important  featiu-e  in  machine  designing  is  a  design  with  the  parts  arranged 
for  accessibility  in  making  repairs.  The  designer  should  bear  in  mind  that  if  any  one 
piece  breaks,  the  broken  casting  should  be  replaced  without  dismembering  the  entire 
machinery. 

"  VlADirCTS. 

"When  the  track  is  on  a  grade  and  the  grade  is  not  very  steep,  make  the  two  bents 
of  one  tower  alike  by  adding  filler  plates  on  the  tops  of  the  up-grade  columns.  For 
steep  grades  make  the  two  bents  of  one  tower  the  same  length,  but  square  the  longi- 
tudinal bracing.  A  good  detailer  will  then  make  the  punching  the  same  on  all  four 
columns  of  the  tower,  but  the  gusset  plates  which  connect  to  the  longitudinal  bracing 
wUl  be  different  for  the  two  bents. 

"The  tower  girders  should  be  made  of  the  same  depth  as  the  long  girders.  This 
will  simplify  the  detail  by  the  omission  of  the  brackets  sometimes  used  on  the  tops 
of  the  columns,  and  will  permit  of  better  shop  details;  as  web  plates,  stiff eners,  etc., 
can  be  duplicated  in  spacing  from  one  girder  to  another. 

"When  designing  columns  for  the  towers,  the  splices  should  be  indicated  so  that 
the  column  sections  should,  preferably,  be  under  40'  long,  but  should  not  under  any 
circumstances  exceed  60'. 

"Where  two  deck  girder  spans  are  adjacent,  the  end  cross  frames  are  placed  close 
to  the  ends  of  the  girders.  The  cross  frames  can  not  be  set  by  swinging  in  from  the 
end  of  the  span.  They  must  be  erected  by  swinging  in  from  the  centre  of  the  span. 
The  stiffener  angles  carrying  the  cross  girders  should  be  built  with  the  back  of  the 
angles  toward  the  centre  of  the  span. 

"Instead  of  designing  a  structural  base  for  the  tower  columns  to  rest  on  the  ma- 
sonry, a  simpler  and  more  efficient  design  is  to  transmit  the  bearing  through  a  casting. 
The  base  of  the  column  will  be  held  to  the  casting  by  one  or  two  pairs  of  connection 
angles.     The  base-plate  should  be  omitted  as  being  superfluous  in  this  design." 

These  communications  of  Mr.  Wolfel  and  Mr.  Reichmann  state  very 
clearly  and  thoroughly  the  case  from  the  manufacturers'  point  of  view; 
and  their  suggestions  should  prove  of  great  value  to  all  designing  engi- 
neers who  specialize  in  structural  steelwork.  The  author  can  endorse 
heartily  almost  all  that  both  of  these  gentlemen  state;  but  there  are  a 
few  points  on  which,  as  a  consulting  engineer,  he  must  very  respectfully 
take  issue,  although,  as  before  indicated,  he  recognizes  that  in  their  line 
they  stand  as  the  aclmowledged  authorities  and  that  he  cannot  in  any 
way  claim  to  be  an  expert  on  shopwork,  knowing  about  modern  practice 
therein  only  the  general  features  and  details  that  have  come  to^  his  atten- 
tion from  his  experience  as  a  large  purchaser,  for  his  clients,  of  structural 
steel. 

The  author  believes  firmly  in  sub-punching  and  reaming  practically  all 
riveted  work  that  is  not  drilled  from  the  solid  metal;  for  experiments  that 
he  has  made  have  proved  to  him  that  the  punching  not  only  hardens  the 
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metal  around  the  hole  but  also  starts  incipient  cracks  therein,  and  that 
reaming  removes  most  of  the  injured  metal;  consequently,  in  all  cases 
where  strength  is  either  directly  or  indirectly  of  importance,  he  would 
adhere  to  the  sub-punching  and  reaming.  For  instance,  lacing  bars  in 
the  past  have  not  been  considered  of  much  importance;  but  nowadaj's 
they  are  often  jjroportioned  for  computed  stress,  the  amount  thereof,  how- 
ever, being  determined  by  very  crude  methods.  It  is  important  to  have 
lacing,  latticing,  and  stay  plates  as  strong  proportionately  as  the  rest 
of  the  metalwork.  There  are  a  few  parts  of  bridges,  such  as  filling 
plates  and  stiffening  diaphragms,  where  strength  is  of  very  little 
importance;  and  in  these  it  would  be  perfectly  proper  to  punch  the 
holes  full  size. 

Similarl}',  in  the  case  of  sheared  edges,  if  the  metal  near  the  shear  is 
to  be  depended  upon  for  strength,  the  said  edges  should  be  planed,  but, 
other^\^se,  the  planing  should  be  omitted.  It  is  more  than  probable  that 
the  shearing  of  edges  is  just  as  destructive  as  the  punching;  for  the  bru- 
tality of  the  treatment  of  the  metal  in  the  two  cases  is  of  the  same  character 
and  apparently  of  the  same  severity. 

While  it  is  undoubtedly  difficult  to  procure  a  tight  fit  for  stiffeners  on 
rolled  I-beams,  it  does  not  appear  to  the  author  as  safe  to  omit  them  at 
the  ends  of  railway  girders  that  are  supported  from  beneath,  or  even  from 
those  used  for  carrying  heavy  highway  loads  to  the  masonry,  because  the 
unsupported  webs  are  not  of  a  shape  to  resist  satisfactorily  severe  pounding. 

Although  it  is  true  that  turning  the  flanges  of  channels  in  makes  the 
riveting  somewhat  more  difficult,  it  need  not  prevent  the  use  of  power 
riveters,  except  in  the  case  of  a  few  rivets;  while  it  facilitates  greatly  the 
detailing  by  bringing  the  webs  of  main  truss  members  in  the  same  plane 
for  the  attachment  of  the  gusset  plates.  Most  of  the  author's  riveted 
bridges  are  built  in  this  way. 

Again,  it  is  important  to  have  the  batten  plates  inside  of  the  gussets, 
and  to  carry  them  to  near  the  ends  of  the  member,  both  of  which  condi- 
tions the  turned-in  channels  favor.  Moreover,  they  generally  involve  an 
economy  of  weight  of  metal  for  lacing  and  battens.  But  one  of  the  most 
important  advantages  of  turned-in  channels  is  that  they  permit  the  ends 
of  the  floor-beams  to  fit  closely  to  the  bottom  chords  without  cutting 
cither  the  chord  or  the  beam,  which  is  not  practicable  if  the  flanges  of  the 
bottom  chords  turn  out. 

If  in  viaduct  construction  the  tops  of  columns  are  cut  off  so  as  to  let 
the  main  girders  be  supported  directly  thereon,  Mr.  Wolfel's  insistence  on 
making  the  girder  depth  uniform  from  end  to  end  of  structure  is  justified; 
but  in  the  author's  practice  the  columns  are  carried  up  to  the  level  of 
the  deck,  and  both  the  longitudinal  girders  and  the  tower  cross-girders 
abut  into  them;  hence  there  is  no  objecting  to  making  the  comparatively 
short  longitudinal  girders  over  the  towers  shallower  than  the  long  inter- 
mediate longitudinal  girders.     This  layout  looks  much  better,  and  the 
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corner  brackets  afford  an  excellent  connection  for  the  diagonals  of  the 
longitudinal  bracing. 

As  explained  at  length  in  Chapter  XVI,  there  is  an  objection  to  plac- 
ing the  end  or  pedestal  pin  of  a  riveted  truss  span  below  the  bottom  chord 
which  is  seldom  considered,  viz.,  that  the  thrust  of  a  braked  train,  acting 
with  a  lever  arm  equal-  to  the  vertical  distance  between  the  centre  of  the 
chord  and  the  centre  of  the  pin,  produces  a  rather  large  bending  moment 
that  has  to  be  resisted  by  the  stiffness  of  the  bottom  chord  and  that  of 
the  inclined  end  post. 

The  author  believes  that  invariably  the  end  floor-beams  should  rivet 
to  the  end  posts  of  the  trusses  so  as  to  make  the  lower  lateral  system  a 
complete  and  harmonious  whole,  and  it  matters  not  if  the  end  posts  be 
inclined.  Moreover,  one  of  the  great  advantages  of  end  floor-beams  riv- 
eted to  inclined  end  posts  is  that  this  method  of  connection  tends  greatly 
to  stiffen  the  ends  of  the  said  posts. 

The  author  in  other  chapters  has  expressed  his  objection  to  the  use 
of  single  angles  in  tension. 

He  disagrees  with  Mr.  Reichmann  about  the  correctness  of  the  poUcy 
of  locating  top  chord  pins  anywhere  except  on  the  gravity  line  of  the 
sections.  It  takes  a  very  small  eccentricity  to  produce  a  high  intensity 
of  bending  stress  on  the  chord.  Again,  it  is  not  right  to  assume  that 
the  reverse  bending  moment  due  to  the  weight  of  the  member  between 
panel-points  will  counteract  the  bending  moment  due  to  the  eccentricity; 
because  the  form  taken  under  loading  by  the  centre  line  of  the  long  strut 
will  be  a  waved  line  passing  through  the  centre  of  the  chord  pins,  being 
concave  upward  in  one  panel  and  convex  upward  in  the  adjoining  one. 

On  general  principles  the  author  tries  to  bar  out  all  cast  iron  from 
his  bridges,  even  from  the  machinery,  fearing  that,  if  it  be  permitted  in 
one  place,  the  contractor  will  insist  on  putting  it  into  another.  Cast  iron 
is  nearly  always  inferior  to  cast  steel  for  any  purpose. 

The  author  never  could  see  the  philosophy  in  the  insertion  of  a  casting 
between  the  foot  of  a  column  and  the  masonry.  Such  detailing  is  not 
conducive  to  rigidity,  which  is  one  of  the  main  essentials  in  trestle  and 
elevated  railroad  work,  nor  is  there  apparently  any  economy  in  weight  or 
cost  of  metal  involved.  Moreover,  it  is  almost  a  physical  impossibility 
to  place  the  base  casting  so  perfectly  on  the  masonry  and  to  plane  the 
adjacent  surfaces  of  column  and  base  so  accurately  as  to  obtain  anything 
like  uniform  contact  over  the  whole  area  of  the  column  foot.  The  pressure 
is  sure  to  concentrate  at  points  and  along  edges,  thus  producing  large 
bending  moments  on  the  column  and  an  unequal  distribution  of  pressure 
upon  the  masonry  beneath  the  base. 


CHAPTEIi  XVIII 

CLASSES    OF   TRAFFIC   AND    PROVISION   THEREFOR 

Bridges  are  built  to  take  care  of  different  kinds  of  traffic,  either  sep- 
arate or  combined.  Those  which  provide  for  more  than  one  kind  have 
been  termed  by  the  profession  "combined  bridges";  but,  unfortunately, 
the  general  public  appears  to  experience  considerable  difficulty  in  distin- 
guishing between  that  term  and  ''combination  bridges,"  or  structures  in 
which  the  trusses,  as  well  as  some  other  parts,  are  built  of  both  wood  and 
metal.     It  is  with  the  "combined"  bridges  that  this  chapter  deals. 

The  various  kinds  of  traffic  that  pass  over  bridges  are  as  follows: 

First.     Steam  railway  traffic. 

Second.     Street  railway  or  electric  railway  traffic. 

Third.     Vehicular  traffic. 

Fourth.     Herded  animal  traffic. 

Fifth.     Pedestrian  traffic. 

Structures  that  carry  the  first  and  second  kinds  are  denominated  "rail- 
way" bridges;  those  that  are  confined  to  the  third,  fourth,  and  fifth  kinds 
are  known  as  "highway"  bridges;  and  those  that  support  both  railway 
and  highway  traffic  are  called  "combined"  bridges. 

As  herded  animals  are  always  driven  over  the  wagon  roadway,  they 
need  but  little  consideration  except  when  that  roadway  is  occupied  at  times 
by  other  than  vehicular  traffic,  in  which  case  provision  must  be  made 
either  for  their  passing  such  other  traffic  on  the  structure  or  for  withhold- 
ing either  that  traffic  or  the  animals  until  the  roadway  is  free. 

In  country  bridges  and  those  built  in  small  towns  pedestrians  have  to 
pass  over  on  the  wagon  way;  but  in  city  bridges  sidewalks  or  footwalks 
are  provided  for  their  use. 

As  a  rule,  bridges  for  carrying  both  railway  and  highway  traffic  are 
located  in  or  near  large  cities,  although  an  occasional  structure  of  this 
kind  is  found  in  country  districts.  The  principal  advantage  of  this  type 
of  bridge  is  the  saving  in  first  cost,  and  its  principal  disadvantage  is  a  re- 
luctance to  cross  over  it  on  the  part  of  timid  drivers,  whose  horses  may 
be  frightened  by  the  trains.  The  saving  in  first  cost  of  a  combined  rail- 
way and  highway  bridge,  as  compared  with  two  separate  bridges  for  rail- 
way and  highway  traffic,  is  considerable,  because  the  piers  for  the  com- 
bined bridge  are  but  little,  if  any,  more  expensive  than  those  for  the  rail- 
way bridge,  and  because  the  extra  metal  for  the  superstructure  of  the 
former  in  comparison  with  that  of  the  latter  is  very  much  less  in  weight 
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than  the  metal  required  for  a  separate  highway  bridge.  The  prejudice 
against  combined  bridges  on  account  of  danger  is  almost  wholly  unfounded, 
for  horses  soon  become  accustomed  to  railway  trains,  and,  when  screens 
are  employed  to  hide  the  latter,  but  little  trouble  is  experienced  on  ac- 
count of  frightened  animals.  These  screens  may  be  made  either  slatted 
or  solid,  the  former  offering  less  resistance  to  the  wind,  and  the  latter 
being  the  cheaper. 

The  advent  of  the  electric  railway  has  somewhat  complicated  the 
question  of  designing  combined  bridges,  for  now  it  is  often  necessary  to 
accommodate  all  kinds  of  traffic  on  the  same  structure. 

Combined  bridges  may  be  divided  into  the  follo^ving  classes: 

1.  Structures  having  a  single  deck  for  all  kinds  of  traffic,  the  railway 
occupying  the  centre  of  the  bridge,  and  the  electric  railway  lying  close 
to  one  truss. 

2.  Structures  having  a  single-track  railway  at  the  middle,  a  narrow 
footwalk  on  each  side  of  same  inside  of  the  trusses,  and  cantilever  brackets 
outside  of  the  latter  to  carry  wagonways  and  electric  lines.  This  arrange- 
ment may  be  varied  by  running  the  electric  cars  over  the  main  railway 
track,  thus  leaving  the  wings  free  for  vehicular  traffic. 

3.  Structures  having  a  double-track  railway  inside  of  the  trusses,  with 
long  cantilever  brackets  outside  carrying  wagons  and  electric  lines  next  to 
the  trusses  and  pedestrians  outside.  This  arrangement  may  be  varied, 
as  in  Case  2,  by  carrying  the  electric  trains  on  either  one  or  both  of  the 
main  railway  tracks. 

4.  Structures  having  a  double-track  railway  inside  of  the  trusses,  with 
short,  cantilever  brackets  for  wagon  and  electric-railway  traffic  outside, 
and  either  a  single  passageway  overhead  at  the  middle  for  pedestrians, 
or  two  passageways  for  same  on  overhead  brackets  outside  of  the  trusses. 
As  before,  this  arrangement  may  be  modified  by  running  the  electric  trains 
over  the  main  railway  tracks. 

5.  Double-deck,  single-track  structures  carrying  a  railway  train  on  one 
deck  and  vehicles  and  pedestrians  on  the  other.  If  electric  cars  also  are 
carried,  they  should  generally  use  the  railway  track  on  account  of  the 
narrowness  of  the  bridge;  but  by  putting  the  railway  below  and  using 
cantilever  brackets  above,  the  electric  cars  may  share  the  wagonway  and 
run  over  either  one  or  two  tracks.  When  the  electric  cars  and  the  vehicles 
occupy  jointly  the  upper  deck,  it  is  generally  best  to  carry  the  pedestrians 
by  cantilever  brackets  on  the  lower  deck,  as  the  structure  might  be  too 
narrow  to  warrant  caring  for  them  above  by  footwalks  outside  of  the 
joint  wagon  and  electric  car  roadway,  and  because  permitting  them  to 
use  the  said  joint  roadway  would  be  too  hazardous. 

6.  Double-deck,  double-track  structures  carrying  railway  trains  on  one 
deck  and  vehicles,  electric  trains,  and  pedestrians  on  the  other,  or  wath 
the  electric  trains  using  the  steam  railway  tracks.  The  vehicles  and  elec- 
tric trains  may  cither  occupy  the  same  roadway,  or  the  former  may  be 
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carried  on  cantilever  brackets,  leaving  the  middle  portion  of  the  deck 
for  the  latter.  In  such  a  bridge  the  foot  walks  should  be  on  cantilever 
brackets,  either  above  or  below,  outside  of  the  other  roadways. 

In  double-deck  structures  where  the  steam  railroad  is  below,  it  is  nec- 
essary to  use  every  precaution  for  keeping  the  locomotive  fumes  away 
from  the  upper  deck,  as  smoke  rising  through  the  floor  frightens  horses 
even  more  than  does  the  train  itself.  Moreover,  smoke  is  exceedingly 
disagreeable  to  everybody  passing  over  the  structure.  Again,  the  ques- 
tion of  protecting  the  highway  floor  from  being  set  on  fire  by  sparks  from 
locomotives  must  be  satisfactorily  solved  in  this  combination. 

Class  No.  1  is  the  cheapest  possible  kind  of  combined  bridge,  and  at 
the  same  time  the  most  unsatisfactory,  for  when  a  railroad  train  is  about 
to  pass  over  the  structure  all  vehicular  and  electric-railway  travel  must 
be  kept  off,  and  because  pedestrians  must  look  out  sharply  for  their  safety 
when  on  the  deck  with  a  railway  train  crossing.  Their  danger  is  really 
greater,  though,  w^hen  an  electric  train  is  passing  a  team  or  teams.  The 
least  allowable  clear  width  of  bridge  for  this  class  of  structure  is  twenty 
feet,  the  electric  cars  running  on  a  third  rail  and  on  one  of  the  rails  of  the 
main  railway. 

Class  No.  2  is  a  very  satisfactory  type  of  structure.  The  author  has 
designed  and  built  several  bridges  of  this  kind,  the  largest  of  which  is  the 
Combination  Bridge  Company's  Bridge  over  the  Missouri  River  at  Sioux 
City,  Iowa.  It  consists  of  two  draw-spans  of  470  feet  each  and  two  fixed 
spans  of  500  feet  each,  besides  the  deck  approach  spans,  the  distance 
between  central  planes  of  trusses  being  twenty-five  (25)  feet. 

Class  No.  3  is  also  a  satisfactory  type  of  structure.  The  author  once 
built  a  large  bridge  of  this  type,  viz.,  the  one  across  the  Missouri  River 
at  East  Omaha,  Nebraska.  This  class  of  structure  involves  very  heavy 
metalwork;  but  it  is  not  uneconomical. 

Class  No.  4  is  an  unusual  type,  and  is  not  Hkely  to  be  called  for  very 
often,  although  the  author  has  had  occasion  to  figure  on  bridges  of  this 
kind. 

Class  No.  5  gives  a  satisfactory  distribution  of  traffic,  as  was  proved 
by  the  author's  bridge  over  the  Fraser  River  at  New  Westminster,  British 
Columbia.  In  this  the  steam  railway  and  the  electric  cars  occupy  a  single 
track  on  the  lower  deck;  and  vehicles  and  pedestrians  use  in  common 
a  sixteen  (16)  foot  clear  roadway  on  the  upper  deck. 

Early  in  1908  in  preparing  a  design  for  a  combined  bridge  to  carry  a 
railway,  a  street-railway,  wagons,  and  pedestrians  over  the  Second  Nar- 
rows of  Burrard  Inlet  at  Vancouver,  British  Columbia,  the  author  evolved 
a  rather  novel  method  of  dividing  the  traffic.  The  bridge  was  to  be  built 
at  first  to  carry  only  the  railway  and  the  street-railway,  but  provision  was 
to  be  made  to  take  care  of  wagon  and  pedestrian  traffic  in  the  future. 
The  distance  between  central  planes  of  trusses  being  restricted  from  mo- 
tives of  economy  to  the  least  consistent  with  the  Dominion  Government's 
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requirements  for  clear  roadway — in  this  case  nineteen  (19)  feet — it  would 
have  been  improper  construction  to  put  twelve  (12)  foot  roadways  out- 
side of  the  trusses  and  six  (6)  foot  sidewalks  outside  of  these;  for  such 
an  arrangement  would  make  each  cantilevered  portion  of  the  deck  wider 
than  the  distance  between  trusses,  whil^  good  practice  does  not  permit 
it  to  exceed  two-thirds  thereof.  As  the  clearance  above  high  water  was 
ample  on  account  of  there  being  an  overhead  crossing  of  the  Canadian 
Pacific  Railway  tracks  at  the  south  end  of  the  structure,  it  was  suggested 
to  suspend  the  footwalks  from  the  cantilever  brackets  that  carry  the 
roadways.  This  would  necessitate  small  roofs  to  protect  pedestrians 
from  the  roadway  drippings.  The  arrangement  described  was  shown  by 
cost  estimates  to  be  exceedingly  economical,  but  it  was  objected  to  on 
account  of  its  interfering  with  the  running  of  certain  small  craft  under 
the  swing  span. 

Class  No.  6  represents  a  very  good  arrangement  which  can  be  modi- 
fied to  suit  nearly  any  conditions  of  combined  traffic.  A  good  example 
of  this  type  is  the  author's  bridge  over  the  Missouri  River  at  Kansas 
City,  Mo.,  owned  by  the  Union  Depot,  Bridge,  and  Terminal  Raihoad 
Company,  and  known  as  the  Fratt  Bridge. 

In  designing  combined  bridges  of  all  classes  except  No.  1,  a  consid- 
erable economy  of  metal  may  be  effected  legitimately  by  keeping  tho 
total  live  load  for  trusses  as  low  as  is  proper  with  reference  to  the  theory 
of  probabilities.  For  instance,  in  Class  No.  2  or  Class  No.  5  the  live 
load  for  trusses  may  be  determined  by  adding  to  the  equivalent  uniform 
live  load,  given  by  the  diagram  in  Fig.  6e,  a  much  smaller  highway  floor 
load  per  lineal  foot  of  span  than  that  prescribed  in  the  specifications; 
because  when  the  greatest  train  load  is  on  the  bridge,  the  chance  of  having 
simultaneously  a  heavy  highway  live  load  is  very  small.  The  longer  the 
span  the  smaller  may  the  live  load  per  square  foot  of  floor  be  taken  when 
finding  the  total  live  load  for  the  trusses.  Again,  in  Classes  No.  3  and 
No.  4  it  would  be  legitimate  to  take  the  truss  live  load  per  lineal  foot  for 
the  railway  equal  to  twice  the  car  load  per  lineal  foot,  and  add  thereto 
a  small  highway  live  load  as  in  the  last  case.  Finally,  in  Class  No.  6  in 
case  of  a  four-track  bridge  with  cantilevered  highways  and  footwalks,  it 
would  be  proper  to  assume  the  live  load  for  the  trusses  equal  to 
the  sum  of  tbs  car  loads  per  lineal  foot  on  the  four  tracks  and  ignore 
entirely  the  vehicular  and  pedestrian  loadings;  for  the  greatest  prob- 
able live  load  from  all  class  of  loading  would  never  exceed  the  said 
four  car  loads,  unless,  perchance,  some  of  the  assumed  electric-train 
loads  were  shorter  than  the  span  length,  in  which  case  a  small  allowance 
for  a  simultaneous  loading  from  the  highways  and  footwalks  should 
be  included. 

This  reduction  of  live  load,  however,  can  readily  be  carried  to  ex- 
tremes, as  was  the  case  in  the  first  accepted  design  of  the  great  canti- 
lever bridge  over  the  St.  Lawrence  River  near  Quebec,  and  as  is  likely 
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to  be  the  ease  whenever  the  preparation  of  the  specifications  for  a  bridge 
is  left  either  directly  or  indirectly  to  the  contractor  who  is  to  build  the 
structure.  Good  judgment,  uninfluenced  in  any  way  by  considerations 
of  personal  gain  or  by  motives  of  false  economy,  should  rule  in  the  estab- 
lishment of  the  live  loads  for  the  trusses  of  "combined"  bridges. 


CHAPTER  XIX 


FLOORS  AND  FLOOR  SYSTEMS 


The  floor  is  that  part  of  a  bridge  which  is  supported  on  the  steelwork 
(or  on  reinforced  concrete  girders)  and  carries  the  hve  loads  directly. 
In  a  railway  span  it  consists  of  the  rails,  guard-rails,  and  the  ties  in  open- 
deck  construction;  and  the  rails,  ties,  ballast,  and  supporting  deck  for 
ballast  in  solid-deck  construction.  In  a  highway  span  it  consists  of  the 
timber  flooring,  or  the  pavement  with  its  base,  and  in  addition  the  rails 
and  ties  in  case  a  railway  of  any  kind  crosses  the  bridge. 

The  floor  system  is  that  part  of  the  structure  which  supports  the 
floor  and  transfers  the  loads  to  the  trusses,  main  girders,  or  arches.  It 
consists  of  the  stringers  and  floor-beams  in  ordinary  spans,  and  in  addi- 
tion occasionally  the  cantilever  beams,  which  are  merely  the  extensions 
of  the  floor-beams  outside  of  the  trusses. 

While  a  structure  usually  has  a  floor  and  a  floor  system,  it  sometimes 
happens  that  it  may  have  one  without  the  other.  In  the  case  of  a  rail- 
way deck-girder  span  the  floor  is  generally  supported  directly  on  the 
girders  without  an  intervening  floor  system.  This  is  also  done  in  some 
of  the  shorter,  single-track  railway,  deck-truss  spans;  and  in  through- 
girder  spans  the  ties  are  sometimes  supported  on  shelf  angles  riveted  to 
the  girder-webs,  in  which  case  no  floor  system  is  employed.  Where  the 
rails  are  carried  directly  on  cross-beams  with  intervening  plates  but 
without  ties,  the  rails  and  rumiing-plates  alone  constitute  what  might 
be  termed  the  floor. 

As  was  shown  in  Chapter  XVHI,  bridges  are  designed  for  various 
classes  of  traffic,  either  singly  or  combined.  A  structure  may  carry  a 
steam  railway,  an  electric  railway,  or  highway  traffic  alone;  or  it  may 
carry  a  combination  of  these.  Even  as  to  highway  traffic  alone,  one  or 
more  classes  thereof  may  utilize  the  structure.  After  the  division  and 
distribution  of  the  classes  of  traffic  have  been  decided  upon  for  any  given 
bridge,  the  floor  and  the  floor  system  should  be  laid  out  so  as  to  carry 
these  in  the  most  economical  manner  practicable. 

In  railway  bridges  two  main  classes  of  floors  are  found,  viz.,  the  open 
and  the  solid  decks;  and  in  each  class  various  types  of  construction  are 
employed  Each  type  has  special  features  that  make  it  particularly  suit- 
able under  certain  conditions  although  it  is  practically  always  the  case 
that  various  arrangements  can  be  adojited  for  any  given  structure.  When 
such  is  true,  the  particular  choice  will  usually  depend  on  the  designing 
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engineer  or  on  the  railway  company.  Both  of  the  general  classes  are 
resorted  to  in  structures  with  either  limited  or  unlimited  underneath 
clearances. 

For  ordinary  construction  where  the  underneath  clearance  is  not  lim- 
ited, the  open-deck  floor  of  ties  supported  on  stringers  or  girders  is  still 
generally  emploj^d.  This  is  due  largely  to  the  lower  first  cost  of  the 
floor  itself  as  well  as  that  of  the  supporting  metalwork,  especially  in  the 
longer  spans.  It  is  a  question,  however,  whether  the  adoption  of  the 
open  deck  is  along  the  line  of  truest  economy;  and  this  question  will 
have  to  be  settled  for  any  particular  case  as  it  arises.  In  spite  of  its 
increased  first  cost,  many  engineers  are  advocating  the  ballasted  floor 
in  place  of  the  open  deck,  and  are  going  so  far  as  to  say  that  the  open 
construction  in  time  vnW  be  entirely  superseded.  The  eminent  authorit}'', 
A.  F.  Robinson,  Esq.,  C.E.,  Bridge  Engineer  of  the  Santa  Fe  System,  in 
a  paper  on  ballasted  bridge  floors,  published  in  the  Journal  of  the  West- 
ern Society  of  Engineers,  Volume  10,  makes  the  following  statement  as 
one  of  the  reasons  for  using  the  solid  type  of  floor. 

"This  floor  can  be  defended  on  financial  grounds  from  the  maintenance  standpoint 
entirel}^,  without  taking  into  account  the  increased  comfort  to  traffic,  the  increased 
Hfe  of  the  structure,  and  the  decreased  habiUty  to  damage  in  case  of  deraihnent. 

"Nearly  all  metal  bridges  will  cost  for  lining  and  surfacing  of  the  track  something 
like  20  cents  to  30  cents  per  ft.  of  track  per  annum.  Ordinary  track  in  ballast  costs 
from  6  cents  to  10  cents  per  ft.  per  annum  for  Une  and  surface.  The  difference  between 
these  two  items,  varying  from  14  cents  to  20  cents,  will  pay  five  per  cent  on  a  little 
more  than  the  difference  in  cost  per  Uneal  foot  of  this  floor  over  the  ordinary  decks." 

But  aside  from  this  matter  of  economy,  there  are  the  many  other 
advantages  of  the  ballasted  floor.  In  the  first  place  it  provides  a  smooth- 
riding  track,  practically  as  perfect  as  a  well-maintained  track  on  the  rest 
of  the  line,  so  that  the  change  in  train-motion  in  passing  from  the  ordi- 
nar}^  roadbed  to  the  bridge  is  unnoticeable.  It  reduces  the  vibration  in 
a  structure,  lessening  the  effect  of  impact  and  practically  doing  away  with 
the  noise  caused  by  the  train  in  crossing.  This  reduction  tends  to  in- 
crease both  the  life  of  the  bridge  and  the  comfort  of  the  passengers.  More- 
over, a  greater  sense  of  security  is  produced  by  such  a  structure  in  the 
minds  of  the  travehng  public,  the  trainmen,  and  the  railroad  officials  as 
well.  Derailments  on  ballasted  structures  have  proved  far  less  serious 
than  those  on  bridges  with  open  floors.  Ties  in  ballast  have  practically 
no  tendency  to  bunch  or  be  otherwise  displaced  by  a  derailed  train;  and 
besides,  the  ballast  gives  a  good  support  to  such  a  train  in  addition  to 
having  a  greater  tendency  to  check  its  speed.  Moreover,  much  less  time 
is  required  to  put  the  track  in  running  order  again,  as  it  is  generally  only 
necessary  to  readjust  the  ballast  and  track  and  perhaps  replace  a  tie  or 
two,  or  possibly  a  rail. 

A  ballasted  floor,  unless  supported  on  timber,  is  practically  fireproof, 
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and  thus  it  not  only  saves  expense  for  insurance  and  for  replacements 
necessitated  by  fires,  but  also  prevents  disastrous  wrecks  and  their  conse- 
quent litigations  and  adjustments.  Again,  the  usual  deterioration  of  the 
steelwork  caused  by  brine  drippings  from  refrigerator  cars  is  overcome 
by  the  use  of  a  ballasted  floor,  provided  the  supporting  deck  be  water- 
tight, as  it  always  should  be.  Moreover,  a  structure  with  such  a  floor 
will  be  found  more  stable  in  the  time  of  high  floods. 

The  alignment  and  surfacing  of  track  constitute  another  feature  favor- 
able to  the  ballasted  floor,  and  especially  is  this  true  in  structures  located 
on  curves.  Not  only  is  difficulty  experienced  in  the  original  construction 
of  an  open  deck  on  such  a  structure  but  far  greater  trouble  is  met  in  main- 
taining the  alignment  and  surface. 

Again,  where  ballasted  floors  are  employed,  the  poorer  grades  of  tim- 
ber can  be  used  for  ties.  This  is  particularly  worth  considering  in  view 
of  the  fact  that  the  better  grades  are  rapidly  becoming  less  plentiful  and 
more  difficult  to  obtain,  and,  therefore,  more  expensive. 

The  danger  due  to  fires  caused  by  falling  coals  might  be  overcome 
very  easily  in  the  ordinary  timber  floor  construction  by  covering  the  deck 
with  light  sheet  iron,  as  is  done  by  certain  railroads.  This,  of  course, 
adds  to  the  cost  of  the  deck. 

While  many  engineers  advocate  the  ballasted  floor  on  all  of  their 
bridgework,  railroad  companies,  as  a  rule,  do  not  employ  it  except  where 
special  conditions  either  warrant  or  compel  its  adoption.  In  almost  all 
track-elevation  work  in  cities,  necessitated  by  the  elimination  of  grade 
crossings,  the  ballasted  floor  is  used.  The  requirement  that  the  overhead 
structure  shall  be  noiseless  and  shall  give  proper  protection  to  the  traffic 
beneath  permits  of  practically  no  other  construction.  Then,  too,  this 
type  of  floor  is  much  more  rigid  and  has  a  considerably  longer  life  than 
some  of  the  other  types  of  shallow  floors  that  have  been  tried.  It  may 
happen  at  times  that  it  is  difficult  to  get  away  from  one  of  these  other 
types  of  floors;  but,  as  a  rule,  they  can  be  avoided.  Where  subways 
are  frequent,  a  few  inches  of  increase  in  the  grade  might  have  an  appre- 
ciable effect  on  the  kind  of  ffoor  that  can  be  used,  while  the  increase  in 
cost  of  embankments  will  be  negligible  as  against  the  advantages  gained 
by  the  ballasted  floor.  In  certain  localities  solid  floors  are  not  required, 
although  it  may  be  necessary  to  provide  a  shallow  floor.  In  such  cases 
a  substantial  open  construction  can  be  resorted  to. 

As  has  been  stated  before,  where  there  are  no  limitations  set  for  the 
floor  system,  the  usual  type  of  floor  consists  of  ties  separated  five  or  six 
inches  and  supported  on  stringers  in  the  case  of  through  spans  and  in 
the  deck  s]ians  in  which  the  trusses  are  spaced  over  thirteen  feet  centres, 
and  on  girders  or  trusses  in  the  case  of  short,  single-track,  deck  spans. 
Where  ballasted  construction  is  adopted,  as  a  rule  no  provision  need  be 
made  for  taking  care  of  the  drainage.  Usually  in  such  a  case  a  solid 
flooring  of  creosoted  timbers  is  laid  on  the  stringers,  girders,  or  trusses; 
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and  this  is  covered  with  the  ballast  in  which  the  track  ties  are  laid.  A 
good  description  of  a  floor  of  this  type,  which  was  used  in  the  reconstruc- 
tion of  the  Atciiison,  Topeka,  and  Santa  Ft'  Hy.  Bridge  over  the  Missouri 
River  at  Sibley,  Mo.,  is  to  be  found  in  Engineering  News  for  Dec.  16,  1915. 
Other  types  of  construction  can  be  used  to  advantage  on  account  of  their 
longer  life,  although  their  cost  is  greater.  Their  construction  is  similar 
to  that  employed  in  the  various  types  of  floors  for  track  elevation  in  cit- 
ies, where  thej'  are  generally  adapted  to  through-girder  or  truss  spans  and 
where  it  is  necessary  to  drain  them  properly.  As  their  construction  has 
largely  developed  with  the  track-elevation  work  where  shallow,  solid 
decks  are  necessary,  their  description  will  be  taken  up  in  connection  with 
the  discussion  of  shallow  floors. 

Where  the  latter  are  required,  the  through-girder  span  is  the  most 
common  type  of  structure  employed,  as  such  shallow  construction  is  gen- 
erally found  only  in  cities  and  in  crossings  over  other  roads  where  long 
spans  are  both  uneconomical  and  unnecessary.  This  is  not  always  true, 
however,  as  certain  crossings  will  not  permit  of  other  than  long  spans, 
in  which  case  through  trusses  with  special  floor  construction  have  to  be 
resorted  to  in  spite  of  the  fact  that  they  are  uneconomical. 

In  track-elevation  work  and  in  overhead  crossings  where  thin,  solid 
floors  are  demanded,  many  types  have  been  devised.  Of  these  might  be 
mentioned  the  various  kinds  of  trough  floors  which  were  among  the  first 
to  enter  the  field.  These  were  built  up  of  different  shapes  and  sections, 
and  each  had  its  good  and  its  bad  points.  The  rectangular  trough  built 
of  plates  and  angles  found  the  most  general  favor,  as  it  was  unpatented, 
easily  varied  to  carry  any  loading,  and  readily  constructed.  However, 
the  evolution  of  the  thin  floor  had  only  begun,  and  these  floors  have 
since  been  largely  superseded  by  later  designs.  An  extended  discussion  of 
the  trough  floors  can  be  found  in  the  Transactions  of  the  American 
Society  of  Civil  Engineers,  Vol.  XXVII,  in  a  paper  entitled  "Thin  Floors 
for  Bridges,"  by  A.  F.  Robinson,  Esq.  They  are  again  discussed  in  a 
paper  on  "Ballasted  Bridge  Floors,"  by  the  same  author  in  Vol.  10  of 
the  Journal  of  the  Western  Society  of  Civil  Engineers,  along  with  the  other 
types  of  floors  which  have  practically  superseded  them.  The  latter  ar- 
ticle shows  in  detail  the  various  styles  of  floors  considered  when  planning 
the  track  elevation  in  Chicago;  and  these  are  typical  of  the  bridge  floors 
used  throughout  the  country.  A  comparison  is  made  of  these  as  to 
weight,  distance  from  top  of  rail  to  clearance,  numl)er  of  rivets  (both  shop 
and  field)  required  per  lineal  foot  of  floor,  and  cost. 

The  floors  considered  in  this  comparison  consisted  of  several  types  of 
the  trough  floor  and  a  series  of  floors  built  up  of  closely  spaced  I-beams 
placed  transversely  between  girders  or  stringers  and  supj^orting  various 
types  of  decks,  some  being  ballasted  and  others  not.  One  deck  consisted 
of  merely  a  steel  plate  covering  the  I-beams,  in  addition  to  the  rails,  which 
were  placed  directly  on  running-plates,  no  ties  being  used.     In  a  modifi- 
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cation  of  this  deck,  channels  replaced  the  running-plates,  and  the  rails 
were  supported  directly  on  timber  sleepers  resting  in  the  channels.  A 
further  modification  consisted  in  the  use  of  ballast  on  top  of  the  deck 
plate,  in  which  the  ties  were  laid.  The  type  of  floor  adopted  for  certain 
of  the  track-elevation  work  was  similar  to  the  one  last  described,  except 
that  the  deck  plate  was  replaced  by  a  flooring  of  creosoted  tongued-and- 
grooved  timber  on  which  the  ballast  was  placed.  This  floor  gave  good 
service  and  was  extensively  used.  These  floors  are  well  described  and 
illustrated  in  the  article  previously  mentioned;  and  the  reader  is  referred 
to  it  for  complete  details. 

The  latest  trend,  however,  has  been  toward  reinforced  concrete  con- 
struction; and  it  is  safe  to  say  that  this  will  eventually  completely  re- 
place all  previously  used  types.  It  lends  itself  to  the  best  advantage  for 
various  conditions,  and  can  be  constructed  in  numerous  forms.  Its  weight 
and  the  consequent  extra  metal  in  the  superstructure  might  cause  the 
adoption  of  another  tj^pe  of  solid  floor  for  certain  situations;  however, 
the  economy  of  this  is  questionable,  and  it  is  certain  that  for  short  spans 
it  affords  the  best  solution  of  the  problem. 

One  of  the  lightest  of  this  type  of  floors  is  similar  to  those  previously 
mentioned,  except  that  the  deck,  supported  on  closely  spaced  transverse 
steel  beams,  consists  of  a  thin  reinforced  concrete  slab  which  carries  the 
ballast  for  the  track.  The  beams  may  be  spaced  farther  apart  by  in- 
creasing adequately  their  size  and  by  augmenting  the  thickness  of  the 
slab.  In  another  type  of  construction  the  transverse  steel  beams  are 
spaced  closely  together  and  entirely  encased  in  concrete,  the  thickness  of 
the  slab  being  such  that  the  flanges  of  the  beams  are  properly  protected. 
No  reinforcement  is  used  in  this  construction,  the  beams  being  figured  to 
carry  the  entire  load,  the  concrete  merely  providing  a  protection  for  the 
metal  and  a  deck  to  support  the  ballast.  This  construction  is  especially 
adapted  to  I-beam  and  short  plate-girder  spans.  Where  it  is  impossible 
to  use  any  of  these  types  of  construction  on  account  of  limited  vertical 
space,  a  specially  shallow  floor  can  be  built  by  constructing  reinforced 
concrete  troughs  between  the  beams  and  filling  these  with  ballast 
for  the  ties.  The  bottoms  of  the  troughs  form  short  reinforced  slabs 
resting  on  the  flanges  of  the  beams,  while  the  sides  form  pro- 
tection for  the  beams  and  can  be  reinforced  to  act  with  them  in  car- 
rying the  load  to  the  girders.  I-beam  spans  can  be  built  of  similar 
construction,  except  that  the  troughs  have  to  run  longitudinally  and 
be  wide  enough  to  receive  short  ties  for  each  rail.  The  troughs  must  be 
braced  together  transversely.  Various  types  of  ballasted  reinforced 
concrete  floors  are  described  and  illustrated  in  the  article  by  Mr.  Robin- 
son in  the  Journal  of  the  Western  Society  of  Engineers  previously  referred 
to,  and  also  in  Skinner's  well  known  work,  "Details  of  Bridge  Construc- 
tion, Part  III,  Specifications  and  Standards."  The  American  Society  of 
Civil  Engineers  published  a  valuable   paper,   "Waterproofing    Railroad 
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Bridge  Floors,"  by  Samuel  Tobias  Wagner,  Esq.,  C.E.,  in  its  Transactions, 
\o\.  LXXIX,  which  gives  details  of  various  types  of  reinforced  concrete 
Hoors. 

In  deck-girder  spans  where  solid  floors  are  required,  various  types  of 
construction  are  resorted  to,  among  which  are  those  previouslj^  described. 
In  adtlition,  however,  the  reinforced  concrete  slab  supported  directly  on 
the  girders  and  carrying  the  ballast  for  the  track  has  been  used  extensively. 
These  slabs  in  certain  cases  are  cast  in  place  and  in  others  are  built  in 
sections  on  the  ground  or  at  some  construction  yard  and  set  on  the  girders 
by  means  of  derrick  cars.  This  type  of  construction  is  also  well  illus- 
trated and  described  in  the  articles  previously  mentioned.  It  can  be 
adapted  to  truss  spans  where  ordinary  floor  systems  are  employed,  but 
where  a  solid  deck  must  be  used. 

In  order  to  prevent  the  water  that  falls  on  a  solid  floor  from  flowing 
through  to  the  roadway  below,  it  is  necessary  to  waterproof  the  deck  in 
some  manner  and  to  provide  a  means  for  removing  the  water  quickly. 
Waterproofing  should  also  be  resorted  to  when  the  stringers  are  to  be 
encased  in  concrete,  for  otherwise  water  may  reach  the  steel  and  cause 
it  to  corrode,  in  addition  to  causing  the  encasement  to  crack  and  split  off. 
A'arious  methods  of  doing  this  have  been  employed  for  the  different  types 
of  construction;  and  there  is  a  great  diversity  of  opinion  among  the 
many  engineers  designing  such  structures  as  to  the  best  way  in  which  to 
obtain  the  desired  result.  This  can  be  plainly  seen  from  the  views  pre- 
sented in  the  before-mentioned  paper  by  Mr.  Wagner  and  in  the  dis- 
cussions thereon.  This  is  no  more  than  might  be  expected,  as  the  water- 
proofing of  floors  is  still  more  or  less  in  its  infancy,  having  received  its 
impetus  with  the  track-elevation  work  at  present  under  way.  The  American 
Railway  Engineering  Association  also  has  made  extensive  investigations 
along  this  line,  and  its  conclusions  are  given  in  its  1914  Proceedings.  Prof. 
Milo  S.  Ketchum,  in  his  monumental  work,  the  "Structural  Engineers' 
Handbook,"  on  page  178  et  seq.,  also  treats  of  the  subject  of  waterproofing 
bridge  floors. 

In  almost  all  construction  the  majority  of  engineers  agree  that  the 
membrane  method  of  waterproofing  is  the  proper  one  to  use  for  bridge 
floors;  but  as  to  the  make-up  of  this  membrane  and  its  application  there 
is  a  difference  of  opinion.  Some  consider  an  asphaltic  mastic  covering  to 
be  ample  protection;  others  hold  that  a  two-ply  or  three-ply  mat  of 
felt,  burlap,  or  cotton  fabric  is  sufficient;  while  still  others  maintain  that 
a  five-ply  mat  should  be  employed.  No  doubt  the  last-mentioned 
method  is  best;  and  it  should  be  used  on  all  important  bridges  that 
require  waterproof  floors. 

In  selecting  the  fabric  for  the  mat,  only  such  material  as  can  be  thor- 
oughly impregnated  with  a  protective  fluid  should  be  considered.  Some 
engineers  claim  that  this  cannot  be  done  with  burlap  or  even  with  cotton 
fabric;   and,  therefore,  they  maintain  that  only  felt  should  be  employed. 
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However,  it  is  a  fact  that  a  great  deal  of  burlap  is  being  used  on  important 
work;  and  it  should  not  be  rejected  without  thorough  investigation.  The 
mat  is  built  up  as  it  is  placed.  The  burlap  or  felt  should  be  well  lapped 
at  the  edges,  and  the  different  layers  should  be  thoroughly  bonded  with 
the  waterproofing  material.  Asphalt  or  an  improved  waterproofing  pitch 
should  be  usod.  The  mat  as  a  whole  should  not  be  bonded  to  the  deck. 
It  should  be  carried  up  at  the  sides  above  the  highest  possible  level  to 
which  the  water  can  rise. 

Deck  structures  are  easily  waterproofed;  but  this  is  not  true  of  through, 
plate-girder  spans.  The  difficulty  arising  in  this  case  lies  in  the  construc- 
tion at  the  web  of  the  main  girder.  On  account  of  the  vibration  in  the 
span,  the  web  usually  separates  from  the  deck,  leaving  a  space  for  water 
to  seep  through.  The  only  way  to  overcome  this  is  to  form  a  pocket  in 
the  concrete  adjacent  to  the  web,  and  fill  it  with  pure  asphalt  having 
a  low  melting  point.  This  will  remain  plastic  under  all  temperatures, 
and  will  form  a  thorough  seal  between  the  steelwork  and  the  deck.  In 
such  construction  a  concrete  parapet  should  be  built  along  the  webs  ex- 
tending well  above  the  ballast;  and  the  waterproofing  should  be  carried 
up  with  it.  The  mat  at  this  point  should  be  protected  with  a  reinforced 
concrete  covering  extended  up  under  flashing  angles  on  the  girders. 
Where  the  distance  from  the  base  of  rail  to  the  top  of  the  girder  is 
small,  it  is  advisable  to  encase  the  entire  upper  portion  in  concrete  and 
carry  the  waterproofing  and  protection  up  over  the  top  flange. 

The  waterproofing  mat  under  the  ballast  should  be  protected  with 
either  an  asphaltic  mastic  about  1}/^  inches  thick,  a  thin  layer  of  rein- 
forced concrete  not  less  than  2^4,  inches  thick,  or  a  layer  of  brick.  If 
bricks  are  used,  the  openings  between  them  can  be  filled  with  the  water- 
proofing pitch  if  the  deck  is  level;  but  if  the  structure  is  on  a  grade,  cement 
grout  should  be  employed  as  a  filler.  The  bricks  should  be  placed  in  a 
mortar  bed  not  less  than  ^  inch  thick. 

As  it  is  imperative  to  remove  the  water  promptly,  the  floor  should 
be  well  drained.  A  slope  of  not  less  than  one  per  cent  is  necessary  to 
secure  good  results.  For  short  structures,  the  water  can  be  carried  to 
the  ends  and  removed  back  of  the  abutments.  In  this  case  the  inclina- 
tion can  best  be  made  in  the  steelwork,  the  necessary  slope  being  pro- 
vided either  from  one  end  of  the  span  to  the  other  or  from  the  centre 
to  each  end.  In  removing  the  water  at  the  abutments,  care  must  be 
taken  to  provide  ample  drains  behind,  so  that  it  will  not  flow  back  over 
the  parapets  onto  the  bridge  seats.  Such  drains  must  provide  against 
freezing  in  the  winter,  which  tendency  will  cause  the  water  to  flow  over 
the  abutment  parapets.  As  a  rule,  however,  it  will  be  best  not  to  let 
the  water  drain  off,  back  of  the  parapets,  but  preferably  to  remove  it 
through  drain  pipes  carried  down  in  front  of  or  through  the  abutments, 
the  latt(T  arrangement  being  adopted  so  as  to  i:)rotect  against  frcM^zing. 

Drain  pipes  under  the  floor  are  generally  a  nuisance  to  maintain;  and 


FLOORS   AND    FLOOR   SYSTEMS  353 

thoy  should  not  bo  omi)lov(Ml  wIumi  thoy  can  bo  avoided.  It  is  usually 
difficult  to  give  thorn  i)roiHT  inclinations;  and  unless  protected,  they  will 
freeze  in  the  winter  time.  Moreover,  open  drains  are  not  satisfactory, 
as  thoy  furnish  a  place  for  birds  to  nest,  which  condition  makes  them 
difficult  to  keep  in  order.  On  long  structures,  however,  some  form  of 
drain  must  be  used;  and  the  situation  should  be  studied  carefully  in  order 
to  secure  good  results.  The  drains  should  be  frequent;  and  each  should 
be  provided  ^\^th  a  trap  just  below  the  floor  so  as  to  catch  s(diment  and 
permit  cleaning  out.  The  water  should  be  carried  to  the  ground  as  soon 
as  possible  after  entering  the  drains ;  and  downspouts  should  be  employed 
frequently  to  obtain  this  result.  They  should  be  of  ample  size  and  should 
be  securely  attached  to  the  supports  for  the  main  girders. 

In  locations  where  it  is  necessary  to  use  a  thin  floor  although  a  solid 
deck  is  not  required,  various  types  can  be  resorted  to.  One  that  has 
been  used  to  some  extent  consists  of  a  floor  system  of  closely  spaced  cross- 
beams carrjdng  running-plates  on  which  the  rails  rest  directly.  These 
rumiing-plates  provide  for  the  attachment  of  the  rails  and  give  rigidity 
to  the  floor  system.  The  main  objection  to  this  floor  is  the  noise  that 
accompanies  the  passage  of  trains.  There  is  also  danger  in  case  of  de- 
railment due  to  the  lack  of  a  proper  bed  for  supporting  the  derailed  cars. 
Another  type  consists  of  a  floor  system  of  closely  spaced  cross-beams  with 
short  stringers  riveted  between  them,  each  set  of  stringers  supporting 
one  tie.  This  construction  is  well  adapted  to  structures  on  curves  when 
it  is  necessary  to  superelevate  the  outer  rail.  It  is,  however,  more  costly 
than  the  previously  described  type,  although  it  does  not  possess  the  dis- 
advantages mentioned.  Where  space  permits,  the  cross-beams  can  be 
spaced  farther  apart  so  that  the  stringers  can  be  made  to  carry  more  than 
one  tie.  Still  another  type  of  shallow  open  floor  has  been  used — that 
in  which  the  tics  are  supported  on  shelf  angles  riveted  to  the  webs  of 
through-girders  or  where  they  rest  on  the  bottom  flanges  themselves. 

This  last  construction  is  far  from  desirable  and  should  not  be  resorted 
to,  especially  in  the  case  when  the  ties  rest  directly  on  the  flanges.  In 
the  first  place  the  ties  for  such  a  design  have  to  be  unusually  large  in  order 
to  carry  the  heavy  wheel  concentrations  of  modern  live  loads  over  the 
span  between  the  girders.  In  the  second  place  it  is  a  very  difficult  mat- 
ter to  insert  the  ties  between  the  girders  even  when  the  span  is  first  erected 
at  a  time  when  no  traffic  interferes  with  the  construction.  In  fact,  it  is 
necessary  to  saw  the  ends  of  the  ties  with  special  bevels  so  as  to  make 
it  possible  to  enter  them  between  the  webs  of  the  girders;  and  at  the 
stiffeners,  further  precautions  have  to  be  taken.  In  the  third  place  the 
springing  of  the  ties  under  live  load  causes  the  webs  of  the  girders  to  bend 
back  and  forth,  with  a  consequent  weakening  thereof.  This  effect  is  much 
greater  where  the  ties  are  laid  directly  on  the  flange  angles,  as  it  is  im- 
possible to  support  their  outstanding  legs  as  can  be  done  when  shelf  an- 
gles are  used.     Again,  with  the  ties  supported  on  the  flange  angles,  it  is 
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difficult  to  provide  proper  struts  between  the  girders  from  which  to  stiffen 
the  top  flanges.  It  is  always  possible  in  such  a  situation  to  use  some 
other  type  of  shallow  floor  that  will  give  far  more  satisfactory  results. 
Even  in  the  old  days  when  live  loads  were  light  this  type  of  floor  was 
deemed  objectionable  by  bridge  experts;  but  it  was  used  somewhat  on 
account  of  the  prevailing  desire  of  general  managers  of  railroads  to  cut 
down  the  first  cost  of  new  construction  to  an  absolute  minimum.  Today, 
however,  there  is  no  excuse  for  such  detailing  even  on  pioneer  roads.  The 
author  can  recall  but  two  occasions  in  his  forty  years  of  practice  when 
he  was  guilty  of  using  this  pseudo-economic  floor,  but  there  may  have 
been  other  instances  which  he  has  forgotten. 

Where  a  floor  system  for  open-deck  construction  is  employed,  it  con- 
sists of  stringers  riveted  to  floor-beams.  The  floor-beams  are  riveted  to 
the  trusses  or  girders,  as  the  case  may  be.  End  floor-beams  should  always 
be  used,  and  stringer  brackets  should  be  provided  between  the  end  floor- 
beams  of  adjacent  spans,  and  generally  between  the  end  floor-beams  of 
the  end  spans  and  the  parapets  of  the  abutments.  For  solid  deck  con- 
struction in  which  a  very  shallow  floor  is  required,  the  floor  system  usu- 
ally consists  of  beams  or  troughs  riveted  to  the  girders  or  the  trusses. 
In  the  case  of  truss  spans  these  beams  are  connected  either  to  the  chords 
or  to  longitudinal  beams  suspended  below  them.  When  a  solid  deck  is 
adopted,  but  the  use  of  a  shallow  floor  is  not  necessary,  stringers  and 
floor-beams  are  generally  employed.  The  troughs  or  cross-beams  are  then 
riveted  between  the  stringers  or  supported  on  top  of  them.  This  con- 
struction is  also  used  in  half-through  girder  spans. 

As  a  general  rule,  only  two  stringers  per  track  are  employed,  although 
four  stringers  are  not  uncommon.  A  shallower  floor  at  greater  expense 
can  be  obtained  in  this  way,  but  the  reason  for  its  adoption  is  more  a 
matter  of  providing  for  the  safe  passage  of  derailed  trains.  Some  roads 
go  to  the  extent  of  using  the  ordinary  two-stringer  construction  and  plac- 
ing an  extra  stringer  of  normal  section  at  the  centre  of  the  track  and  one 
on  each  side  of  the  main  stringers.  Other  roads  have  different  practices 
along  the  same  line. 

In  a  skew  structure  the  deck  should  always  be  squared  at  the  ends. 
It  is  practically  impossible  to  provide  a  smooth-riding  track  where  the 
tics  at  the  joint  are  supported  partly  on  the  bridge  and  partl^y  on  the 
filled  approach.  Moreover,  it  is  impossible  to  maintain  such  a  joint  in 
even  a  fair  condition.  The  abutment  can  be  squared  on  top  for  each 
track  separately,  and  short  stringers  can  be  extended  to  the  skew  end 
floor-beams. 

The  preceding  dissertation  refers  largely  to  bridge  floors  for  steam  rail- 
ways. However  it  also  covers  those  for  electric  railways,  although  for 
the  latter  the  open-deck  construction  is  used  almost  exclusively. 

The  deck  of  a  railway  structure,  as  well  as  other  features  of  the  floor 
and  floor  system,  is  often  determined  by  specifications  or  details  furnished 
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to  the  enp;inoer  by  liis  client.  It  is,  therefore,  necessary  to  study  such 
specifications  carefully  before  determining  the  make-up  of  the  deck  and 
the  layout  of  the  floor  system.  The  specifications  in  Chapter  LXXVIII 
cover  many  jioints  of  this  nature  which  will  not  be  taken  up  in  this  chapter. 
Although  the  standard  gauge  for  most  railway  tracks,  both  steam  and 
electric,  is  4'  S}/^"  on  tangent,  a  different  gauge  is  used  in  some  sections 
of  this  country,  especially  for  electric  railways.  Some  foreign  countries 
also  employ  different  gauges;  hence  it  is  necessary  for  the  engineer  to  se- 
cure this  information  before  preparing  his  design,  as  it  will  affect  the  lay- 
out of  th(^  floor  sj^stem.  On  curves  the  gauge  has  to  be  slightly  increased. 
The  Manual  of  the  American  Railway  Engineering  Association  gives  the 
following  rule: 

"Curves  eight  degrees  and  under  should  be  standard  gauge.  Gauge  should  be 
widened  one-eighth  inch  for  each  two  degrees  or  fraction  thereof  over  eight  degrees, 
to  a  maximum  of  4'  9}4"  for  tracks  of  standard  gauge.  Gauge,  including  widening 
due  to  wear,  should  never  exceed  4'  93^". 

"Where  frogs  occur  on  the  inside  of  curves  the  gauge  at  the  frog  should  be  standard, 
or  the  flangeway  of  the  frog  should  be  widened  to  compensate  for  the  increased  gauge." 

For  electric  railway  spans  it  is  usually  sufficient  to  widen  the  gauge 
}4:  inch  for  all  curves.  This  increase  is  to  be  effected  by  shifting  the 
outer  rail  and  keeping  the  inner  one  to  true  alignment.  It  should  be 
made  in  the  length  of  the  spiral,  in  case  a  spiral  is  used,  or  in  a  rail  length 
in  advance  of  the  curve  in  case  no  spiral  is  employed. 

While  the  tracks  are  generally  spaced  thirteen  (13)  feet  centres  for 
steam  railways  and  ten  (10)  feet  centres  for  electric  railways,  certain 
sections  of  the  country  use  different  spacings,  especially  for  electric  rail- 
ways. Under  special  conditions  it  might  be  advantageous  or  necessary 
to  employ  some  other  spacing.  The  Government  of  the  Dominion  of 
Canada  specifies  a  spacing  of  fourteen  feet. 

As  explained  at  length  in  Chapter  VIII,  while  the  amount  of  the 
superelevation  of  the  outer  rail  is  generally  fixed  by  the  specifications, 
there  are  conditions  where  superelevation  is  unnecessary  and  others  where 
it  is  wholly  impracticable,  so  that  the  specifications  should  not  be  fol- 
lowed blindly.  Where  for  any  reason  the  train  invariably  takes  a  curve 
at  very  slow  speed,  it  is  unnecessary  to  provide  superelevation;  and  where 
turnouts  from  either  a  single  or  a  double  track  occur,  it  is  impossible  to 
do  so.  Again,  it  might  happen  that  a  greater  superelevation  should  be 
provided  than  that  called  for  by  the  specifications  for  general  practice. 
This  could  occur  at  places  where  the  locomotive  engineers  might  be 
tempted  to  break  regulations  and  run  at  high  speed  so  as  to  surmount  a 
steep  grade.  The  superelevation  should  be  worked  out  in  the  length  of  the 
spiral  or  on  the  tangents  at  the  ends  of  the  curve,  with  a  rise  of  not  more 
than  one  (1)  inch  in  forty  (40)  feet.  The  inner  rail  should  be  kept  at 
grade.  Fig.  8a  gives  the  superelevation  to  be  employed  according  to  the 
specifications  in  Chapter  LXXVIII. 
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Where  the  track  has  an  appreciable  change  in  grade  on  the  structure, 
it  is  necessary  to  connect  the  two  grades  by  a  vertical  curve.  It  is  most 
convenient  to  break  the  grade  over  a  pier  or  column  where  this  can  be 
done,  as  it  makes  the  laying  out  of  the  steelwork  easier  and  more  satis- 
factory. It  is  not  always  possible,  however,  to  do  this,  and  hence  the 
layout  should  be  studied  very  carefully  so  as  to  obtain  the  best  results 
possible  with  the  fewest  variations  in  the  floor  system.  A  parabolic  curve 
should  be  used;  and  it  is  generally  sufficient  to  extend  it  over  one  or 
two  panels  on  each  side  of  the  break  in  grade. 

The  size  and  section  of  the  rails  for  both  steam  and  electric  railways 
are  usually  fixed  by  the  owner  or  determined  by  the  engineer  for  any 
particular  structure.  The  author  generally  uses  the  sections  adopted  by 
the  American  Society  of  Civil  Engineers  and  prefers  a  section  not  less 
than  seventy  (70)  pounds  per  yard  for  electric  railways  and  eighty  (80) 
pounds  per  yard  for  steam  railways.  For  the  heavier  railway  loads  the 
rails  should  be  of  ninety  (90)  pound  and  even  one  hundred  (100)  pound 
sections.  On  very  sharp  curves,  especially  for  electric  railways,  steel 
guards  should  be  provided  on  the  inside  of  the  inner  rail.  These  may 
consist  of  rails  spiked  to  the  ties,  plates  attached  to  the  rails  with  filler 
blocks  between  the  two,  or  a  special  guard-rail  section.  Thirty-three  (33) 
foot  rail  lengths  are  generally  adopted  for  steam  railways  and  sixty  (60) 
foot  lengths  for  electric  railways,  although  the  thirty-three  (33)  foot 
lengths  are  sometimes  used  for  the  latter.  The  rails  are  generally  con- 
nected with  standard,  six  (6)  bolt,  angle  splice-bars.  As  a  rule,  they  are 
laid  with  broken  joints,  and  with  full  openings  between  the  ends  at  —20 
degrees  and  none  at  -1-  120  degrees  Fahrenheit,  the  temperature  being 
that  of  the  rail  and  not  that  of  the  atmosphere.  On  electric  railways  it 
is  necessary  to  bond  together  the  rails  in  each  line,  and  to  cross-bond  the 
two  fines  of  rails  at  intervals  of  not  more  than  five  hundred  (500)  feet. 
The  author  in  his  practice  has  used  compressed  terminal  bonds,  similar 
to  Bond  No.  7193  of  the  Ohio  Brass  Co.,  with  14,"  terminals  and  4  —  0 
cable  placed  under  the  angle-bars  at  each  joint.  The  bonds  should  be 
properly  compressed  into  freshly  drilled  holes  in  the  webs  of  the  rails. 
Care  should  be  taken  to  see  that  the  rails  are  not  connected  in  any  way 
to  the  steelwork;  and  proper  insulation  must  be  provided  where  necessary. 
This  is  also  required  on  steam  railway  bridges  where  there  is  employed 
any  kind  of  signal  system  in  which  the  rails  form  part  of  the  circuit. 

At  the  ends  of  movable  bridges  where  it  is  necessary  to  break  the  rails, 
many  devices  have  been  employed  to  make  the  track  continuous  when 
the  span  is  in  position  for  traffic.  Such  devices  are  often  standard  with 
any  particular  railroad  company.  The  author  has  ust  J  almost  exclu- 
sively the  gap-bar  shown  in  Fig.  19a,  and  has  found  it  very  simple  and 
satisfactory.  The  bar  is  made  of  manganese  steel  in  order  to  prevent 
rapid  wear.  It  is  necessary  that  it  be  well  supported,  as  shown.  The 
same  detail  was  adopted  for  the  expansion  ends  of  the  fixed  spans  of 
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the  Pacific  Highway  Bridge  "over  the  Columbia  River,  designed  by  the 
author's  firm.  In  this  case  the  expansion  ends  of  the  adjacent  fixed  spans 
were  placed  on  the  same  pier,  which  caused  a  large  expansion  to  take 
place  at  that  point.  The  same  gap-bar  can  be  used  for  the  ordinary 
layout  of  spans,  although  it  has  been  the  general  practice  to  make  the 
rails  continuous  over  the  entire  structure. 

To  overcome  the  effect  of  the  expansion  of  the  steelwork,  a  very 
good  arrangement  of  the  track  was  used  by  the  Pittsburgh  and  Lake 
Erie  Railroad  on  the  Beaver  Bridge 
over  the  Ohio  River.  It  was  de- 
scribed in  Engineering  News  of  Janu- 
ary 26,  1911.  The  rails  are  supported 
on  tie-plates  fastened  to  the  ties 
with  screw-spikes.  The  heads  of  the 
spikes  are  seated  on  bosses  on  the  tie- 
plates  and  extend  over  the  rail  flange 
with  a  clearance,  however,  of  one 
thirty-second  (/32)  of  an  inch  between 
the  spike  heads  and  the  rail  flanges. 
This  gives  the  rails  a  perfect  free- 
dom of  movement  longitudinally.  At 
the  fixed  ends  of  the  spans  they 
are  permanently  attached  to  the 
deck  by  anti-creeping  devices.  The 
expansion  and  contraction  of  the 
spans  and  of  the  rails  are,  conse- 
quently, independent  of  each  other. 

Where  the  track  is  broken  at  the 
ends  of  movable  spans,  the  rails  on 
both  sides  of  the  break  should  be 
firmly  fastened  to  the  deck  by  anti- 
creeping  devices.  A  good  detail  of 
such  a  device  is  illustrated  in  the  ar- 
ticle just  referred  to.     It  consists  of 

specially-made,  wide-flanged  plates  bolted  to  the  webs  of  the  rails  as 
well  as  to  a  wide,  flat  plate  on  which  the  rails  rest.  To  this  plate  are 
riveted  lug  angles  that  bear  against  the  ties;  and  the  plate  is  also  bolted 
to  the  ties  or  fastened  thereto  by  screw-spikes.  Lug  angles  to  bear  against 
the  ties  are  riveted  to  the  stringers,  to  which  the  ties  are  hook-bolted. 
This  device  has  proved  very  satisfactory.  On  the  fixed  spans  back  of 
the  break  in  the  rails,  switch  points  should  be  inserted  in  order  to  allow 
the  rails  to  creep  without  disturbing  the  gap  bars.  If  this  is  not  done, 
great  annoyance  will  be  occasioned  in  the  operation  of  the  movable 
span  by  the  interference  of  the  rails  of  the  fixed  spans. 

The  dimensions  of  ties  for  track  on  tangent  are  usually  given  by  the 
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Fig.  19a.     Rail-gap  Bar  at  Ends  of 
Movable  Bridges. 
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designing  specifications  or  in  tlie  cUita  furnished  by  the  owner  for  any 
particular  structure.  On  ballasted  decks  the  regular  track  ties  of  the 
road  with  the  ordinary  spacings  are  generally  adopted.  For  open  decks, 
Table  19a  shows  the  various  sizes  of  ties  for  any  given  span  and  loading, 
w'hile  Table  196  gives  the  allowable  span  length  for  any  size  of  tie  and 
for  any  class  of  railway  loading,  in  accordance  with  the  specifications 
in  Chapter  LXXVIII.  It  must  be  remembered,  however,  that  these  ties 
are  for  the  ordinary  tangent  alignment  and  for  the  usual  dapping  of  one- 


TABLE  196 

Allowable  Span  Lengths   for  Ties  of  Various   Sizes   for  Various   Railway 

Loadings.     Extreme  Fibre  Stress  2,000  Lbs.  per  Sq.  In.     Impact  110%. 

Lo.\D  Distributed  over  Three  Ties. 


Size 

Moment  of 

Span  Lengths  in 

Feet  C 

TO  C.  Stringers 

Resistance 
1,000  6d2 

Nominal 

Actual 

Class 

Class 

Class 

Class 

Class 

Class 

Class 

bXd 

bXd 

3 

40 

45 

50 

55 

60 

65 

70 

7X  9 

63^X  8H 

157,000 

6.5 

6.4 

6.2 

6.1 

6.0 

5.9 

5.9 

8X   8 

7^X  7H 

141,000 

6.4 

6.2 

6.1 

6.0 

5.9 

5.8 

5.8 

8X10 

73^X  93^ 

226,000 

7.3 

7.0 

6.8 

6.6 

6.5 

6.4 

6.3 

8X12 

73^X11J^ 

330,000 

8.2 

7.9 

7.6 

7.4 

7.2 

7.0 

6.9 

lOX  8 

93^X  7H 

178,000 

6.8 

6.6 

6.4 

6.3 

6.2 

6.1 

6.0 

10X10 

93^ X  9^2 

286,000 

7.8 

7.5 

7.3 

7.1 

6.8 

6.7 

6.6 

10X12 

9J4Xlli^ 

419,000 

9.1 

8.7 

8.3 

8.0 

7.7 

7.5 

7.4 

10X14 

93^X13M 

577,000 

10.7 

10.1 

9.6 

9.2 

8.8 

8.5 

8.3 

10X16 

93^X151^ 

761,000 

12.5 

11.7 

11.0 

10.5 

10.0 

9.6 

9.3 

12X  8 

113^X  73^ 

216,000 

7.1 

6.9 

6.7 

6.5 

6.4 

6.3 

6.2 

12X10 

IIJ-^X  93^ 

346,000 

8.4 

8.0 

7.7 

7.5 

7.3 

7.1 

6.9 

12X12 

IVAXIVA 

507,000 

10.1 

9.5 

9.0 

8.7 

8.4 

8.1 

7.9 

12X14 

lUAxisVi 

699,000 

11.9 

11.1 

10.5 

10.0 

9.6 

9.2 

8.9 

12X16 

iVAxiSA 

922,000 

14.1 

13.1 

12.3 

11.6 

11.1 

10.6 

10.2 

12X18 

UAxuVz 

1,174,000 

16.6 

15.4 

14.3 

13.5 

12.8 

12.2 

11.6 

12X20 

1VAX19A 

1,458,000 

19.5 

17.9 

16.6 

15.5 

14.6 

13.9 

13.3 

14X10 

iSAx  9y2 

406,000 

9.1 

8.6 

8.2 

7.9 

7.7 

7.5 

7.3 

14X12 

133^X113^ 

596,000 

10.9 

10.2 

9.7 

9.3 

8.9 

8.6 

8.4 

14X14 

1334X133^ 

820,000 

13.1 

12.2 

11.5 

10.9 

10.4 

10.0 

9.6 

14X16 

133^X15^^ 

1,081,000 

15.7 

14.5 

13.6 

12.8 

12.1 

11.6 

11.1 

14X18 

1334X173^ 

1,378,000 

18.6 

17.1 

15.9 

14.9 

14.1 

13.4 

12.8 

14X20 

13^X193^ 

1,711,000 

22.0 

20.1 

18.6 

17.3 

16.3 

15.4 

14.7 

half  (}/-2)  inch.  When  it  is  necessary  to  dap  the  ties  more  than  this  amount 
and  for  structures  on  curves,  special  consideration  must  be  given  to  their 
design.  Specifications  sometimes  require  the  ties  to  be  dapped  so  that 
one-half  of  the  camber  is  taken  out  of  the  deck.  The  author  does  not 
follow  this  practice,  as  a  rule;  for  he  considers  it  more  advantageous  to 
make  the  ties  uniform.  Again,  when  ties  are  supported  on  girders  with 
cover  plates  on  the  top  flange,  a  variation  in  the  dapping  must  be  taken 
care  of.  The  same  thing  holds  true  over  the  piers  in  deck  spans  on  a 
skew.  Where  vertical  curves  are  required,  it  is  usually  necessary  to  vary 
the  dapping  of  the  ties  on  the  curve.  In  all  of  these  cases  the  entire 
problem  must  be  studied  carefully  in  adopting  any  size  of  tie,  and  the 
strength  of  the  tie  at  the  support  should  not  be  overlooked.     It  is  always 
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best  to  use  the  same  sized  tie  with  the  same  framing  on  any  one  structure; 
and  the  layout  of  the  steelwork  should  be  studied  to  gain  this  end,  if 
possible,  but,  of  course,  not  at  the  expense  of  the  said  steelwork. 

For  bridges  on  curves  where  no  superelevation  is  required,  it  is  nec- 
essary to  figure  the  maximum  moment  on  the  ties  and  determine  the 
section  from  Fig.  16^,  except  in  the  case  of  flat  curves  where  the  stringers 
are  practically  parallel  and  symmetrically  spaced  with  respect  to  the 
rails,  in  which  case  the  size  of  ties  can  be  taken  directly  from  Table  19a. 

Where  the  track  is  superelevated,  the  ties  have  to  be  proportioned 
just  as  stated,  but  the  question  of  the  size  of  the  tie  will  depend  on  the 
method  adopted  for  taking  care  of  the  superelevation.  Different  meth- 
ods are  used.  The  most  common  and  probably  the  best  of  these  is  to 
keep  the  stringers  or  girders  in  any  cross-section  at  the  same  elevation 
and  use  a  tie  of  constant  depth  with  a  different  dap  at  the  two  ends. 
This,  however,  becomes  uneconomical  where  the  superelevation  is  large, 
and  in  such  a  case  it  is  best  to  adopt  beveled  ties.  In  the  author's  prac- 
tice ties  with  a  depth  of  as  much  as  twenty-two  (22)  inches  at  the  deeper 
end  have  been  used  in  deck-truss  spans  where  they  were  supported  di- 
rectly on  the  chords.  This,  however,  is  extreme,  and  any  particular  case 
should  be  looked  into  carefully  before  adopting  such  a  depth.  Where  it 
is  practicable  to  do  so,  some  engineers  incline  the  stringers  or  girders  so 
as  to  have  their  flanges  in  a  plane  as  nearly  parallel  to  the  plane  of  the 
track  as  possible.  This  permits  the  use  of  a  constant  depth  of  tie  with- 
out excessive  dapping,  but  makes  the  layout  of  the  steelwork,  as  well  as 
the  fabrication,  more  difficult.  Another  method  that  has  been  used  to 
obtain  a  constant  and  shallow  depth  of  tie  is  to  keep  the  girders  vertical 
and  to  make  them  of  different  depths.  This,  however,  is  more  objec- 
tionable than  the  method  just  described.  The  author  has  never  resorted 
to  either  of  these  practices,  and  does  not  consider  their  adoption  advisa- 
ble. A  better  method  of  providing  for  excessive  superelevation  is  to  use 
constant  depth  ties  that  will  figure  for  the  maximum  moment,  and  attach 
beveled  shims  under  the  higher  ends.  These  should  be  well  fastened  to 
the  ties  and  should  have  sufficient  depth  over  the  support  to  prevent 
any  tendency  to  break  down  under  pounding.  The  shims  should  never 
be  placed  on  top  of  the  ties  under  the  high  rail;  neither  should  longitu- 
dinal shims  be  placed  on  top  of  the  stringers  under  the  ties  at  the  out- 
side of  the  curve,  although  such  shimming  is  permissible  in  highway 
l)ridg(?s.  In  figuring  the  effects  of  track  curvature  Chapter  VIII  should 
be  studied  carefully. 

On  curves  the  ties  are  to  be  made  symmetrical  about  the  centre  line 
of  track  as  far  as  it  is  possible  to  do  so.  Thej'  should  be  spaced  uniformly 
over  the  spans  and  laid  at  right  angles  to  the  centre  line  of  the  bridge,  ex- 
cept near  the  ends  of  the  spans  where  they  are  fanned  out  so  that  the 
space  between  the  ties  at  the  ends  does  not  vary  more  than  one  (1)  inch 
from  the  uniform  spacing. 
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In  all  cases  the  length  of  the  tie  is  to  be  such  that  the  ends  extend 
at  least  six  (G)  inches  beyond  the  outside  edges  of  the  supports.  The 
ties  should  always  be  kept  clear  of  the  flanges  of  the  floor-beams  so  as  to 
prevent  the  formation  of  a  dirt  pocket  over  them.  Wherever  the  rail 
is  as  much  as  three  (3)  inches  above  the  floor-jbeams,  a  shim  of  the  same 
^^'idth  as  the  floor-beam  flanges  should  be  laid  on  top  of  them.  On  the 
fills  back  of  the  abutments  the  length  of  the  ties  must  be  such  that  the 
guard-timbers  that  are  extended  out  from  the  bridge  can  be  fastened 
to  them.  The  ties  on  the  parapets  should  not  be  laid  directly  on  the 
concrete  but  should  be  supported  on  short  shims  or  blocks  in  line  with 
the  stringers  or  girders,  which  \Adll  hold  them  away  from  the  concrete. 

At  the  refuge  bays  on  long  deck  structures  three  or  four  ties  must  be 
extended  to  supp'irt  the  plank  flooring.  At  the  outer  end  a  substantial 
timber  handrail  should  be  provided.  Walkways  for  the  full  length  of 
the  structure  are  sometimes  called  for  by  the  owners  for  the  use  of  the 
trackmen.  In  such  cases  every  third  or  fourth  tie  should  be  extended 
so  as  to  carry  the  walkway  flooring  in  single-track  railway  spans;  and 
in  double-track  spans  every  third  or  fourth  tie  should  extend  over  both 
tracks,  and  the  walkway  should  be  placed  between  the  tracks.  On  account 
of  the  danger  from  hot  coals  dropping  from  the  locomotive,  in  no  steam 
railway  bridge  should  the  walkway  be  placed  along  the  centre  of  the 
track;  but  in  electric  railway  structures  this  is  permissible,  although  not 
advisable  from  the  point  of  view  of  safety  of  pedestrians.  A  walkway 
from  eighteen  (18)  to  twenty-four  (24)  inches  wide  will  be  ample. 

In  open-deck  railway-floors  the  life  of  the  tie  is  not  dependent  to 
any  great  extent  upon  decay,  but  rather  on  mechanical  wear  and  deteri- 
oration under  loading.  The  best  grades  of  timber  are  needed  for  such 
floors,  and  they  should  be  thoroughly  protected  by  the  use  of  tie-plates 
of  proper  design.  Also  the  question  of  rail  fastenings  should  be  carefully 
considered.  In  ballasted  decks  and  on  the  approaches  it  is  not  neces- 
sary to  use  the  best  kinds  of  timber  for  the  ties.  In  fact,  the  supply  of 
this  class  of  timber  is  so  limited,  when  due  consideration  is  given  to 
the  probable  future  demands,  that  the  railroad  companies  for  some 
years  have  been  experimenting  with  the  poorer  varieties  and  have 
found  certain  of  these  to  give  excellent  service  when  properly  treated 
and  protected  from  mechanical  wear.  These  experiments  are  still  under 
way  both  as  to  the  species  of  timber  that  can  be  successfully  employed 
and  as  to  the  proper  methods  of  treating  them.  The  reader  is  referred 
to  the  Proceedings  of  the  American  Railway  Engineering  Association 
for  the  most  valuable  information  on  this  subject.  It  has  been  shown 
that  these  treated  timbers  are  more  economical  for  ordinary  track  con- 
struction than  the  best  timbers  untreated.  In  any  case  where  it  is  deemed 
advisable  to  use  treated  ties,  the  treatment  should  be  such  as  to  protect 
the  tie  properly  for  its  life  as  gauged  by  its  resistance  to  mechanical 
destruction.     It  is  necessary,  however,  to  protect  them  from  mechanical 
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wear,  as  treated  ties  are  more  susceptible  to  the  destruction  caused  by 
the  pounding  of  the  rails  than  are  the  untreated  ones.  The  American 
Railway  Engineering  Association  has  made  extensive  investigations  re- 
garding tie-plates,  as  to  their  use  and  proper  design;  and  the  reader  is 
referred  to  the  Report  of  the  Committee  on  Ties  in  the  1914  Proceedings 
for  their  most  recent  conclusions.  These  might  be  stated  briefly  as  follows: 
Flat-bottom  tie-plates  become  loose  when  cut-spikes  are  employed,  result- 
ing in  mechanical  wear;  but  when  used  with  screw-spikes  they  have  proved 
very  successful.  Plates  with  deep  ribs  or  claws  cut  the  ties  so  as  to  admit 
moisture,  thus  causing  decay;  and  are,  consequently,  undesirable.  Plates 
with  cross  ribs  not  over  /(s"  deep  are  just  as  efficient  as  those  with  deeper 
ribs,  even  when  used  with  cut-spikes;  and  they  do  not  seriously  damage 
the  ties.  The  width  of  the  tie-plate  is  an  important  element  in  deter- 
mining the  mechanical  wear,  and  the  use  of  plates  less  than  seven  (7) 
inches  wide  with  soft  wood  ties  will  often  determine  their  life.  The  plates 
should  be  of  ample  strength  to  distribute  the  load  to  the  ties  without 
deflection.  Cut-spikes  break  down  the  structure  of  the  wood,  thus 
facilitating  decay  through  moisture.  This  is  avoided  to  a  considerable 
extent  where  the  spikes  are  driven  in  bored  holes,  and  such  spikes  have 
about  the  same  holding  power  as  spikes  ordinarily  driven.  Diamond- 
pointed  cut-spikes  are  preferable  to  those  with  wedge  points  when  thus 
driven.  Where  treated  ties  are  used,  all  boring  should  be  done  previous 
to  treatment. 

On  account  of  the  unsatisfactory  results  in  the  life  of  the  tie  due  to 
the  use  of  the  cut-spike,  the  screw-spike  has  received  considerable  atten- 
tion in  this  country  during  the  last  few  years.  In  Europe  it  has  been 
used  for  a  long  time,  and  it  was  there  that  it  received  its  greatest  devel- 
opment and  widest  application.  In  France  it  is  used  almost  exclusively; 
and  the  cut-spike  is  rapidly  disappearing  in  the  rest  of  Europe.  In  the 
United  States  some  of  the  larger  railroads  have  submitted  the  screw- 
spike  to  numerous  and  severe  tests;  and  one  of  the  latest  articles  on  the 
results  of  a  set  of  such  experiments  was  published  by  the  American  Rail- 
way Engineering  Association  in  the  1915  Proceedings.  In  that  article 
G.  J.  Ray,  Esq.,  Chief  Engineer  of  the  Delaware,  Lackawanna,  &  Western 
Railroad,  gives  his  reasons  for  adopting  the  screw-spike,  the  details  of  the 
spikes,  linings,  and  tie-plates,  the  methods  of  preparing  the  ties  and  driv- 
ing the  spikes,  the  tests  made,  the  conclusions  reached,  and  the  precau- 
tions to  be  taken.  The  results  of  the  investigations  cannot  well  be  given 
here  on  account  of  the  large  amount  of  space  they  occupy.  The  article 
is  full  of  valuable  information  throughout;  and  the  reader  can  well  af- 
ford to  take  the  time  to  look  it  up,  if  he  be  at  all  interested  in  the  matter. 
The  investigations  showed  up  very  favorably  for  the  screw-spike.  A  few 
of  the  many  points  brought  out  in  the  article  might  be  mentioned.  The 
question  of  whether  it  will  pay  to  use  screw-spikes  will  depend  on  the  cost 
of  tics,  their  probable  life,  and  the  amount  of  traffic.     Tie-plates  should 
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always  be  used  witli  screw-spikes,  and  they  shoirid  have  a  shoulder  on 
each  side  to  prevent  the  rails  from  cutting  into  the  spikes,  as  well  as  bosses 
to  suj^port  the  heads.  The  size  of  the  spikes  and  the  design  of  the  thread 
should  be  carefully  considered  before  its  adoption,  as  a  change  later  on 
would  not  permit  the  utilization  of  the  old  holes  without  damage  to  the 
wood  fibre.  The  heads  should  have  tapering  sides  so  as  to  permit  the 
use  of  a  standard  wrench  in  case  of  decreased  size  due  to  rusting.  Where 
brine  drippings  have  to  be  dealt  with,  the  heads  should  be  of  ample  size 
to  provide  for  deterioration.  All  ties  should  be  bored  before  treatment. 
The  holes  should  be  of  proper  dimensions  for  the  class  of  wood  used,  with 
due  regard  to  the  size  of  the  screw-spike.  Holes  should  be  bored  some- 
what deeper  than  the  length  of  the  screw-spike,  and  there  is  no  objection 
to  boring  clear  through  the  ties. 

In  connection  with  its  many  investigations  along  the  lines  of  track 
betterment  and  economy,  the  American  Railway  Engineering  Associa- 
tion has  made  many  service  tests  of  various  forms  and  makes  of  ties 
designed  to  take  the  place  of  timber  ties.  So  far  the  results  have  not 
been  very  satisfactory,  except,  possibly,  in  regard  to  the  Carnegie  steel 
ties,  which  have  been  used  quite  extensively  on  certain  roads  and  have 
given  good  service.  Further  investigations  are  necessary  in  order  to  de- 
termine the  advisability  of  adopting  any  of  the  many  ties  proposed.  The 
latest  report  on  the  subject  is  to  be  found  in  the  1915  Proceedings;  and 
on  pages  536  and  537  of  that  book  are  given  references  to  preceding  volumes. 

A  single  line  of  outside  guard-timbers  is  commonly  employed  for  rail- 
road bridges;  and  inner  guard-rails,  preferably  of  steel,  ought  to  be  used 
as  well.  The  latest  conclusions  of  the  American  Railway  Engineering 
Association  regarding  guard-timbers  and  guard-rails  are  as  follows: 

"(1)  It  is  recommended  as  good  practice  to  use  guard-timbers  on  all  open-floor 
bridges;  and  the  same  should  be  so  constructed  as  properly  to  space  the  ties  and  hold 
them  securely  in  their  places. 

"(2)  It  is  recommended  as  good  practice,  in  the  installation  of  inner  guard-rails, 
to  extend  them  beyond  the  ends  of  the  bridges  for  such  distances  as  are  required  by 
local  conditions,  but  that  this  distance,  in  any  case,  be  not  less  than  50  feet;  that 
guard-rails  be  fully  spiked  to  every  tie,  and  spliced  at  every  joint;  that  the  guard- 
rails be  some  form  of  metal  section,  and  that  the  ends  be  beveled,  bent  down,  or  other- 
wise protected  against  direct  impact  with  parts  of  the  moving  equipment. 

"  (3)  It  is  recommended  that  the  guard-timber  and  inner  guard-rail,  when  used, 
be  so  spaced  with  reference  to  the  track-rail  that  a  derailed  truck  will  strike  the  inner 
guard-rail  without  striking  the  guard-timber. 

"  (4)  The  inner  guard-rail  must  not  be  higher  nor  over  one  inch  lower  than  the 
running-rail. 

"  (5)  It  is  recommended  as  good  practice  to  use  inner  guard-rails  on  all  open- 
floor  bridges  and  on  the  outside  tracks  of  all  solid-floor  bridges  and  similar  structures 
longer  than  20  feet  on  main-line  tracks,  and  on  similar  bi'idges  and  structures  on  branch- 
line  tracks  on  which  the  speed  of  trains  is  20  miles  per  hour  or  more." 

The  discussions  before  the  annual  conventions  which  adopted  the 
above  conclusions  will  be  found  on  page   1136  et  seq.  of  Vol.  14,  and 
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page  1036  et  seq.  of  Vol.  15,  of  the  Proceedings  of  the  American  Railway 
Engineering  Association.  It  will  be  noted  that  there  was  much  difference  of 
opinion  regarding  the  last  conclusion,  many  of  the  engineers  considering 
its  provisions  to  be  somewhat  too  stringent.  It  is  certainly,  however,  in 
the  interest  of  first-class  construction.  A  very  satisfactory  finish  can  be 
given  to  the  inner  guard-rails  by  bringing  their  ends  together  at  the  cen- 
tre of  the  track,  and  connecting  them  with  a  cast  nosing.  Re-railing 
frogs  should  be  placed  on  the  approaches  at  short  distances  from  the  struc- 
ture. The  outside  guard-rails  should  extend  a  like  distance  beyond  the 
ends  of  the  bridge;  and  the  best  practice  would  place  a  substantial  pier 
at  such  points  either  to  force  the  derailed  cars  toward  the  track  or  else 
to  break  a  coupling-bar  so  as  to  prevent  the  cars  from  reaching  the  bridge. 
In  ballasted  deck  structures  substantial  parapets  at  the  sides  are  an  im- 
portant safeguard  to  derailed  trains,  and  cost  should  not  be  considered  in 
making  them  amply  strong. 

The  standard  practice  has  been  to  dap  the  outside  guard-timbers 
over  the  ties  to  prevent  bunching,  and  to  secure  them  to  every  other 
tie  by  a  three-quarter  inch  bolt;  but  the  1915  Report  of  the  Committee 
on  Wooden  Bridges  and  Trestles  of  the  American  Railway  Engineering 
Association  (see  Vol.  16,  pages  893,  894,  1180,  and  1181)  suggested  that 
it  might  be  found  better  to  fasten  the  guard-rails  to  every  tie  by  lag- 
screws,  and  omit  the  dapping.  The  lag-screws  should  be  screwed  into 
bored  holes,  not  driven  in  like  spikes.  More  definite  recommendations 
will  doubtless  be  made  in  the  1916  Report  of  the  same  Committee. 

In  highway  bridges  various  types  of  floors  and  floor  systems  are  em- 
ployed, and  the  design  depends  largely  upon  the  location  of  the  structure, 
the  class  or  classes  of  traffic  crossing  it,  and  the  funds  available  ^or  its 
construction.  As  explained  in  Chapter  XVIII,  a  structure  may  carry 
only  one  roadway  over  which  all  classes  of  traffic  (pedestrian,  vehicular, 
and  even  electric  or  steam  railway)  pass;  but  the  steam  railway  should 
generally  be  separated  from  all  other  classes,  if  practicable.  When  a  struc- 
ture is  of  some  importance,  separate  roadways  are  provided  for  each  kind 
of  traffic,  with  a  possible  combination  of  steam  or  electric  railway  traffic 
with  that  of  light,  fast,  automobile  traffic.  In  bridges  located  outside  of 
cities,  usually  a  single  roadway  is  provided,  although  in  more  important 
bridges,  where  pedestrian  traffic  is  heavy,  a  sidewalk  or  sidewalks  should 
be  employed.  As  a  rule,  steam  railways  do  not  cross  such  structures. 
City  bridges  generally  have  separate^  roadways  for  vehicular  and  pedes- 
trian traffic;  and  where  electric  railways  cross  the  structure,  they  usually 
occupy  part  of  the  main  roadway.  Sometimes  separate  roadways  are 
employed  for  the  heavy,  slow,  vehicular  traffic  and  the  light,  fast  traffic, 
especially'  where  (>lectric  lines  cross  the  structure,  in  which  case  they  oc- 
cupy the  roadway  for  the  light  traffic.  Steam  railways  may  have  a  special 
deck  or  may  occupy  part  of  the  roadway  in  the  same  manner  as  do  the 
electric  railways.     The  adoption  of  any  particular  traffic  or  combination 
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(if  traffic  will  dot  ermine  to  a  larp;e  extent  the  construction  of  the  floor 
and  floor  system. 

The  lightest  and  most  unsatisfactory  construction  consists  of  the  old 
t^-pe  of  timber  floor  of  wooden  stringers  covered  with  one  layer  of  plank 
forming  the  roadway.  This  construction  was  not  so  objectionable  when 
first  employed,  as  the  good  hardwoods  that  were  then  easily  procured 
had  a  fair  life.  Moreover,  the  traffic  in  those  days  was  light,  so  that 
these  floors  did  not  wear  out  quickly.  With  the  growing  scarcity  of  good 
hardwoods  and  the  increase  in  live  loads,  the  maintenance  of  plank  floors 
has  become  a  difficult  problem.  With  the  soft  woods  and  heavy  traffic 
the  flooring  lasts  but  a  short  time — sometimes  not  more  than  a  few  months. 
On  account  of  the  lack  of  uniformity  of  the  timber  in  the  flooring,  certain 
pieces  will  wear  out  and  require  repairs  sooner  than  others.  Such  repairs 
usually  consist  of  laying  short  planks  over  the  worn-out  parts  of  the  floor, 
thus  producing  irregularities  in  the  surface,  which,  when  struck  by  the 
passing  traffic,  set  up  excessive  vibrations  in  the  steelwork.  It  is  not 
infrequent  that  such  repairs  are  not  made  until  some  animal  has  been 
seriously  hurt  by  having  its  foot  caught  in  one  of  the  holes  in  the  floor. 
In  isolated  districts  where  the  traffic  is  light  and  timber  plentiful,  such 
construction  is  still  permissible,  but  not  in  growing  communities  of 
any  size. 

Where  the  single  plank  floor  on  timber  stringers  is  employed,  the 
flooring,  consisting  of  planks  three  (3)  or  four  (4)  inches  thick,  is  usually 
laid  diagonally  on  longitudinal  timber  joists  supported  on  top  of  the  floor- 
beams  or  on  shelf  angles  attached  to  the  floor-beam  webs.  This  construc- 
tion is  generally  adopted  for  through  bridges,  which  are  used  almost  ex- 
clusively for  such  locations.  Where  deck  structures  are  built,  the  joists 
are  placed  at  right  angles  to  the  girders,  and  the  planking  is  laid  on  these, 
as  before.  W^here  the  joists  are  placed  on  top  of  the  floor-beams,  the  in- 
termediate ones  should  be  lapped  over  them  with  a  small  air  space  be- 
tween. The  outside  joists,  however,  should  be  in  hue,  on  account  of  the 
handrail  connection.  These  joists  can  be  fastened  to  lugs  riveted  to 
the  top  flanges  of  the  floor-beams.  All  such  joists  should  be  well  cross- 
braced  at  the  floor-beams  and  at  intermediate  points,  especially  in  the 
case  of  the  outer  lines,  because  of  the  possible  twisting  effect  of  the  hand- 
rails when  the  latter  are  attached  to  the  outer  joists. 

A  better  construction  in  the  plank  floor  is  the  use  of  steel  stringers 
in  place  of  the  timber  joists.  The  intermediate  stringers  should  be  I-beams 
and  the  outside  ones  channels  with  the  flanges  turned  in  so  as  to  provide 
an  easy  connection  for  the  handrails.  The  stringers  should  be  riveted 
into  the  floor-beams  and  not  supported  on  top,  as  the  former  method 
produces  a  much  more  rigid  structure.  Nailing-strips  on  top  of  the 
stringers  should  be  used  to  provide  a  means  for  spiking  down  the  floor. 
These  can  be  fastened  to  the  steel  by  bolts  passing  through  the  shims 
and  through  holes  in  the  top  flanges  of  the  stringers.     This,  however,  re- 
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duces  the  flange  section  of  the  beams  in  addition  to  weakening  them 
otherwise.  A  better  detail  consists  of  cUps  fastened  to  the  nailing-strips 
and  passing  under  the  top  flanges  of  the  stringers.  This  detail  is  shown 
in  Fig.  196. 

Sometimes  a  floor  is  made  up  of  two  layers  of  planking,  the  base  plank 
and  the  wearing  surface.  This  construction  is  not,  as  a  rule,  adopted 
for  the  ordinary  plank  floor  just  described.  The  timber  in  such  a  floor 
should  be  well  treated — at  least  the  base  plank  and  supporting  shims  or 
joists  should  be;  but  it  is  not  convenient  to  use  treated  timber  on  small 
isolated  structures.  It  has,  however,  a  particular  advantage  in  floors  of 
combined  bridges,  where  a  special  roadway  is  provided 
^'^f>^i'c//p--^^  for  steam  or  electric  railway  and  light  vehicular  traffic 
i^,-i  c//am.bo/f  \  to  the  exclusion  of  all  other  traffic.  In  this  construc- 
fjmmwm  .  ^^^^  ^j^^  rails,  usually  about  five  (5)  inches  high,  are 
supported  on  wooden  ties,  which,  in  turn,  rest  on  steel 
stringers  riveted  between  the  floor-beams.  The  size 
and  spacing  of  the  ties  will  depend  on  the  loads  and 
Fig  196  Clips  for  ^^  spacing  of  the  stringers.  The  same  spacing  of 
Timber  Shims.  ties  may  be  used  throughout  the  cross-section,  or  a 
wider  spacing  may  be  allowable  outside  of  the  tracks. 
The  more  economical  arrangement  should  be  adopted.  The  lower  or 
base  plank  is  generally  made  about  three  (3)  inches  thick,  leaving 
about  two  (2)  inches  for  the  wearing  surface.  The  base  plank 
should  be  laid  longitudinally  on  the  ties,  and  the  wearing  surface 
transversely  between  longitudinal  timbers  along  the  rails  and  under 
the  guards  at  the  sides  of  the  roadway.  This  permits  the  replacing  of 
the  wearing  floor  without  disturbing  the  rest  of  the  deck.  The  wearing 
surface,  including  the  strips  along  the  rails,  should,  preferably,  be  of 
hardwood  or  else  the  best  grade  of  long-leaf  yellow  pine,  Oregon  fir,  or 
other  suitable  timber.  It  should  not  be  treated,  although  all  the  rest 
of  the  timber  should  receive  a  thorough  impregnation  of  creosote  oil. 
The  top  surface  of  the  base  planks  should  be  well  swabbed  with  hot  pitch 
before  laying  the  wearing  floor.  The  ties  should  be  countersunk  to  re- 
ceive the  cup  washers  for  the  hook  bolts  so  that  no  part  of  the  bolt  pro- 
jects above  the  tie.     This  type  of  floor  is  shown  in  Fig.  19c. 

The  construction  last  described  is  well  adapted  to  bascule  bridges 
where  wood-block  and  other  pavements  cannot  be  used.  Great  care 
must  be  exercised  in  securing  the  flooring  to  the  steelwork.  The  short 
life  of  such  a  floor  under  heavy  traffic  is,  however,  a  serious  drawback, 
and  the  City  of  Chicago  has  used  a  patented  floor  which  has  been  quite 
successful.  This  consists  of  one  (1)  inch  elm  strips  that  have  been  dipped 
in  asphaltum,  placed  on  edge,  and  bolted  together  in  sections  containing 
from  five  (5)  to  ten  (10)  square  feet. 

Wood  blocks  are  now  used  very  extensively  for  pavements  on  bridge 
floors;   and  they  make  one  of  the  most  satisfactory  roadways  obtainable. 
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They  are  light,  wear  well,  and  can  be  adapted  to  any  grade.  On  steep 
grades  they  can  be  arranged  so  as  to  give  the  safest  pavement  for  horses. 
The  blocks,  which  are  manufactured  from  suitable  timber  and  thoroughly 
treated,  vary  in  depth  and  width  from  three  (3)  to  four  (4)  inches  and 
in  length  from  six  (6)  to  ten  (10)  inches.  The  width  should  always  dif- 
fer from  the  depth  so  that  the  blocks  will  be  laid  with  the  grain  up.  Special 
blocks  are  necessary  along  the  rails.  The  blocks  are  generally  placed  at 
right  angles  to  the  roadway,  except  at  the  sides  where  two  or  three  rows 
should  be  made  to  follow  the  curbs.  On  grades  of  less  than  three  (3) 
per  cent,  the  blocks  should  be  laid  close  but  with  sufficient  openings  be- 
tween them  to  permit  the  proper  application  of  the  filler.  On  grades  of 
more  than  three  (3)  per  cent  the  blocks  in  transverse  rows  should  be 
separated  by  creosoted  laths  about  one  and  one-quarter  (13^)  inches 
wide  and  three-eighths  (^)  of  an  inch  thick,  placed  on  edge.  The  openings 
left  between  the  rows  of  blocks  above  the  lath  are  filled  with  gravel,  not 
over  one-quarter  {}4)  iiich  in  any  dimension,  from  which  the  sand  has 
been  removed,  or  with  stone  chippings  of  equal  grading.  The  spaces 
between  the  blocks  in  either  the  close  or  the  open  construction  and  the 
voids  of  the  stone  in  the  latter  are  filled  with  pitch  to  the  top  of  the  pave- 
ment, care  being  taken  to  see  that  the  surface  is  left  free  therefrom,  sand 
alone  never  being  used  as  a  filler.  The  blocks  are  then  covered  with 
small  stone  chippings  to  a  depth  of  about  one-half  (3^)  inch  and  thor- 
oughly rolled.  This  gives  a  good  surface  to  the  pavement  and  also  takes 
up  any  pitch  or  creosote  oil  that  comes  to  the  top.  Near  each  curb  one 
or  more  pitch  joints  about  one  (1)  inch  wide  should  be  provided  to  take 
care  of  expansion,  the  number  depending  upon  the  width  of  the  pavement. 
The  wood  blocks  are  laid  on  either  a  treated  plank  base  or  a  concrete 
slab.  When  placed  on  a  plank  base,  a  layer  or  two  of  tar  paper,  thor- 
oughly swabbed  with  hot  pitch,  is  usually  placed  between  the  blocks  and 
the  plank.  When  a  concrete  base  is  used,  various  constructions  are 
employed  for  bedding  the  blocks.  One  that  has  been  used  to  a  large 
extent  in  Europe,  and  which  has  been  reported  as  giving  excellent  service, 
consists  in  finishing  the  concrete  to  the  true  crown  of  the  roadway  with 
a  float  and  placing  the  blocks  directly  on  this  floated  surface  without 
any  intervening  cushion.  In  this  country  a  sand  cushion  from  one-half 
(H)  to  one  (1)  inch  thick  has  been  used  extensively,  although  it  has  not 
been  altogether  successful.  The  sand  has  a  tendency  to  flow  as  pressure 
is  applied  to  one  edge  of  a  block,  so  that  the  blocks  are  not  stable.  This 
has  been  overcome  to  some  extent  by  using  a  very  thin  cushion.  On 
grades,  however,  a  worse  trouble  has  arisen.  Here  the  sand  has  a  ten- 
dency to  work  down  grade,  especially  when  wet;  and  during  construction 
a  rain  may  necessitate  the  replacing  of  a  large  area  of  blocks  already  down. 
To  overcome  this  trouble  as  well  as  the  previous  one,  a  mixture  of  sand 
and  cement  has  been  frequently  used  for  the  cushion,  and  has  given 
satisfaction.     Some  advocate  using  a  dry  mixture  and  placing  the  blocks 
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on  this;  others  prefer  placing  the  cushion  dry,  but  sprinkhng  it  with 
water  just  in  advance  of  laying  the  blocks;  while  still  others  recommend 
the  employment  of  a  slightly  dampened  mixture.  Where  the  work  pro- 
gresses rapidly  and  the  pavement  can  be  rolled  immediately  after  the 
blocks  are  laid,  the  latter  method  should  give  the  most  satisfactory  re- 
sults. Where  this  is  not  the  case,  the  cushion  may  set  before  the  pave- 
ment has  been  rolled,  which  is  not  advisable.  The  object  in  any  case 
is  to  obtain  a  good,  firm  bed  for  the  blocks,  and  the  best  way  to  secure 
this  must  be  left  to  the  judgment  of  the  engineer  on  any  particular  piece 
of  work.  When  it  is  necessary  to  waterproof  the  floor — and  even  when  it 
is  not — a  very  satisfactory  bed  is  afforded  by  a  waterproofing  mat.  This 
can  be  made  of  two-ply  or  three-ply  burlap  thoroughly  lapped  at  the 
edges  and  bonded  together  wHh  waterproofing  pitch  of  a  proven  quality. 
Where  the  waterproofing  is  specially  called  for,  the  mat  should  be  ex- 
tended up  the  curb  to  the  top  of  the  pavement  and  keyed  into  the  former. 
The  method  of  waterproofing  the  floor  of  the  Twelfth  Street  Trafficway 
at  Kansas  City,  Mo.,  which  structure  was  designed  by  the  author's  firm, 
is  outlined  in  the  specifications  given  in  Chapter  LXXIX. 

Wliere  plank  is  used  as  a  base  for  wood-block  pavement,  it  is  supported 
on  treated  timber  stringers,  on  steel  stringers,  or  on  treated  ties  which  in 
turn    are    supported    on    steel    stringers.      The 

first  two  methods  are    particularly    adapted    to  JL     o/sa'  A""'^' 

roadways  without  railway  tracks,  while  the  last        /iooi>; 
is  used    almost    exclusively    for    roadways    that 
carrv  railways.     The  first  method  should  be  em- 
ploj-ed  only  where  the  cheapest  construction  is  -H IZ"* 25  - 2-6  cfrs. 

necessary.     It  is  well  suited  to  a  deck  structure,     Fig.  19d.    Rail  Support 
in  which  the  joists  can  be  placed  transversely  on 

top  of  the  girders.  In  the  second  method  the  planks  can  be  laid  di- 
rectly on  the  stringers  and  hook-bolted  to  them,  or  upon  nailing-strips 
fastened  to  the  stringers.  The  latter  method  is  to  be  preferred,  al- 
though the  former  is  used  by  many  engineers.  The  roadways  outside  of 
the  trusses,  which  are  illustrated  in  Fig.  19c,  have  flooring  of  this  kind. 
In  this  type  of  construction  the  floor  system  can  be  built  so  as  to  pro- 
vide for  tracks.  Mr.  Thomas  Ellis  Brown,  C.  E.,  designed  a  very  satisfac- 
tory detail  for  supporting  the  rails,  as  shown  in  Fig.  19d.  A  descrip- 
tion of  it  is  given  in  Engineeriiig  News  of  March  25,  1915. 

Where  ties  are  employed,  they  should  be  arranged  with  the  stringers 
to  give  the  most  economical  layout. 

A  concrete  base  for  a  pavement  is  invariably  supported  on  either  steel 
or  reinforced-concrete  stringers  or  girders.  It  may  be  carried  on  cross- 
beams resting  on  longitudinal  stringers,  as  was  done  by  the  author's  firm 
on  the  Pacific  Highway  Bridge  at  Portland,  Ore.,  shown  in  Fig.  19e. 
In  this  case  a  bitulithic  pavement  was  adopted. 

The  size  of  the  rails  to  use  will  depend  on  the  type  of  construction 
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employed.  With  the  plank  base,  a  seven  (7)  or  eight  (8)  inch  rail  sup- 
ported on  the  ties  is  generally  required,  its  height  depending  on  the  depth 
of  the  timber.  With  such  deep  rails  tie-bars  should  be  employed  to  main- 
tain the  gauge  of  the  track.  Seven-eighths  {%)  inch  bars  spaced  about 
six  (6)  feet  centres  and  placed  just  above  the  base  plank  have  proved 
satisfactory.  For  the  construction  used  by  Messrs.  Boiler,  Hodge,  and 
Baird,  any  size  of  rail  can  be  adopted,  as  its  support  is  independent  of 
the  floor.  A  rail  about  five  (5)  or  six  (6)  inches  high  is  to  be  preferred. 
When  the  blocks  are  supported  on  a  concrete  base,  the  rails  may  be  car- 
ried on  steel  ties  embedded  in  the  concrete,  in  which  case  the  said  rails 
should  be  about  five  (5)  inches  high;  or  they  may  rest  on  cross-beams,  as  in 
the  Pacific  Highway  Bridge,  under  which  circumstances  a  much  deeper  rail 
will  be  required.  Steel  ties,  when  used,  should  be  about  6'  6"  long, 
placed  about  2'  0"  centres;  and  they  should  always  be  embedded  in  a 
plain  concrete  base  which  rests  on  the  reinforced-concrete  floor-slab. 

Bitulithic  and  asphalt  pavements  on  concrete  bases  are  used  quite 
extensively  and  have  proved  satisfactory  in  many  cases.  On  steep  grades 
they  have  a  tendency  to  flow  in  warm  weather,  and  in  winter  they  be- 
come very  slippery  and  difficult  for  horses  to  travel  on.  Local  conditions 
should  be  carefully  studied  and  specifications  thoroughly  drawn  and  rig- 
idly adhered  to  in  adopting  either  of  these  pavements. 

Brick  and  stone-block  pavements  are  not  generally  used  for  bridge 
floors  on  account  of  their  excessive  weight.  They  may  be  employed  on 
short  spans  where  the  extra  dead  load  will  not  materially  affect  the  weight 
of  the  superstructure.  Moreover,  on  the  approaches  they  can  be  used  to 
advantage.  They  should  be  laid  on  a  one-and-a-half  (13^)  or  two  (2) 
inch  sand-cushion  overlying  a  concrete  base;  and  the  joints  between  the 
blocks  should  be  filled  with  cement  mortar.  Transverse  expansion  joints 
are  required  about  every  twenty-five  (25)  feet  along  the  roadway,  and 
longitudinal  joints  are  needed  along  the  curb.  These  joints  should  be 
filled  with  pitch. 

For  small  highway  bridges  with  light  traffic  where  a  more  permanent 
roadway  is  desired  than  the  plank  floor  provides,  but  where  a  less  cost 
than  that  for  any  of  the  floors  previously  mentioned  is  a  necessity,  a  con- 
crete pavement  can  be  adopted.  This  consists  of  a  concrete  slab  with 
an  extra  thickness  for  wearing  surface.  This  extra  thickness  should  not 
be  less  than  three  (3)  inches.  The  slab  and  its  reinforcement  should  be 
so  designed  that  the  wearing  down  of  the  surface  "will  not  affect  its  strength. 
The  wearing  surface  should  be  made  of  a  1:2:3  mixture  of  cement, 
sand,  and  small  broken  stone.  The  slab  is  generally  supported  on  steel 
stringers  riveted  to  the  floor-beams. 

Buckle-plate  floors  are  not  now  used  to  the  extent  that  they  have 
been  in  the  past,  as  they  have  been  replaced  by  other  types.  While  they 
are  very  light,  they  are  more  expensive  than  the  type  shown  in  Fig.  19e, 
which  is,  moreover,  a  better  floor.     In  very  long  spans  and  in  cantilever 
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structures  with  large  openings  there  might  arise  a  case  where  the  metal 
saved  in  the  superstructure  by  the  use  of  a  buckle-plate  floor  would  make 
up  for  the  extra  cost  of  the  said  floor.  However,  such  structures  are  rare; 
and  even  then  it  is  a  question  whether  some  other  type  of  floor  is  not 
preferable,  for  quite  lately  it  has  been  found  that  buckle  plates  are  unsat- 
isfactory for  supporting  block  pavement,  which  the  unavoidable  deflections 
permit  to  be  broken  up  imder  heavy  concentrated  loads. 

Sidewalks  are  usually  placed  outside  of  the  roadways.  They  are  of 
either  untreated  timber  or  reinforced  concrete  on  the  bridge  proper,  or  of 
concrete  slabs  on  the  approaches.  They  are  supported  on  the  inside  by 
the  curb  and  at  intervals  by  timber  or  steel  stringers.  Where  the  main 
roadway  lies  entirely  between  the  trusses,  the  sidewalks  are  generally 
carried  on  small  cantilever  brackets  extended  out  from  the  trusses  at 
the  panel  points.  Where  the  main  roadways  lie  outside  of  the  trusses,  the 
sidewalks  are  supported  on  extensions  of  the  cantilever  brackets  that  carry 
the  roadways.  The  sidewalk  flooring  should  be  so  thick  that  its  strength 
will  not  be  seriously  impaired  when  wear  takes  place.  Moreover,  in  case 
there  is  any  likelihood  of  the  traffic  from  the  roadway  getting  on  the 
sidewalk,  it  should  be  strong  enough  to  take  care  of  such  unusual  loads 
with  a  small  margin  for  safety.  The  same  is  true  also  of  the  flooring  over 
the  spaces  between  the  truss  members,  when  the  roadways  are  extended 
beyond  the  trusses. 

On  all  structures  it  is  necessary  to  take  care  of  the  drainage.  With 
single  plank  flooring  this  is  done  by  leaving  one-half  (3^)  inch  spaces 
between  the  planks.  On  other  floors  it  is  necessary,  however,  to  crown 
the  roadways  so  as  to  carry  the  water  to  the  curbs.  A  crown  of  one- 
sixtieth  (1/60)  of  the  width  of  the  roadway  will  be  ample  for  this  pur- 
pose. The  parabola,  which  has  generally  been  used  for  laying  out  the 
cross-section  of  the  roadway,  gives  too  flat  a  surface  for  the  centre  por- 
tion. To  overcome  this,  a  broken  curve  has  been  used  by  many  engi- 
neers. The  general  practice  is  to  make  the  distance  from  the  crown  to 
the  pavement  at  the  quarter  point  from  the  centre  one-eighth  (3/0  of 
the  total  drop;  at  the  half  point,  three-eighths  (  %) ;  and  at  the  three- 
quarter  point,  five-eighths  {%).  This  can  be  easily  obtained  in  the  or- 
dinary highway  floor  without  tracks  as  well  as  in  the  floor  with  tracks 
where  timber  ties  are  not  used.  Where  such  ties  are  employed,  the 
breaking  of  the  floor  as  called  for  by  this  method  of  crowning  may  add 
a  considerable  amount  of  timber  to  the  ties  due  to  lapping  them  at  the 
supports  where  the  breaks  are  made.  To  obviate  this  difficulty  the  fol- 
lowing methods  can  be  employed.  For  a  single  track  at  the  centre,  this 
portion  of  the  roadway  can  be  made  level,  and  that  beyond  the  track  can 
l)e  given  a  uniform  slope  to  the  curl).  For  a  double  track,  each  track  can 
be  given  an  inclination  corresponding  to  the  centre  slope  in  the  method 
first  described,  and  beyond  the  track  the  roadway  can  be  inclined  to  the 
curb  so  as  to  provide  the  required  crown.     Sidewalks  should  be  given  a 
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slope  of  about  one-quarter  (V4)  inch  to  the  foot  toward  the  inside  so 
that  the  water  will  drain  onto  the  roadway. 

On  curves  the  cro\vning  of  the  roadway  is  well  adapted  to  the  inner 
track  for  double-track  structures  as  well  as  to  a  single  track  where  it  is 
not  considered  necessary  to  superelevate  the  outer  rail.  But  the  outside 
track,  where  a  double  track  crossbs  the  bridge,  is  at  a  decided  disadvan- 
tage, as  it  has  a  reverse  inclination  to  what  it  should  have.  This  may 
not  be  objectionable  where  the  curve  is  light  or  where  the  trains  or  cars 
take  the  curve  with  a  moderate  speed.  However,  where  it  is  desirable 
to  take  the  curve  with  a  high  speed,  this  is  not  permissible,  and  a  remedy 
must  be  resorted  to.  Where  a  single  track  is  placed  at  the  centre  of  the 
structure,  it  can  be  given  the  proper  superelevation  by  reducing  the  slope 
of  the  iimer  part  of  the  roadway  slightly  and  increasing  it  on  the  outside. 
If  this  gives  excessive  side  slopes,  it  will  be  necessary  to  modify  the  floor 
construction  so  as  to  reduce  them.  In  steam-railway  work,  when  one- 
half  (}/2)  inch  superelevation  is  sufficient,  no  trouble  will  occur  if  the 
above  method  is  employed.  The  same  is  also  true  in  double-track  work, 
where  it  is  necessary  to  continue  the  slope  of  the  inner  track  past  the 
outer  in  order  to  give  it  a  proper  superelevation.  This  puts  the  two 
tracks  in  the  same  plane.  This  raising  of  the  floor  at  the  outer  track 
must  be  worked  out  beyond  the  ends  of  the  curve  either  in  the  floor  timbers 
or  the  floor  system. 

The  drainage  can  be  disposed  of  by  letting  the  water  escape  under  the 
guard-rails  or  through  the  curbs  at  the  sides  of  the  roadway,  or  the  curb 
can  be  made  solid  and  the  water  taken  off  by  drains  connected  to  openings 
in  the  floor.  With  the  former  method,  care  should  be  taken  to  see  that 
the  water  does  not  drip  on  the  steelwork.  Where  the  latter  method  is 
employed,  the  drains  should  be  of  ample  capacity  to  handle  the  water. 
The  ordinary  gratings  used  over  openings  in  the  floor  are  not  satisfactory, 
as  they  choke  up  quickly,  and  as  the  usual  care  given  to  a  bridge  floor  is 
not  sufficient  to  keep  them  open.  Basins  with  both  roadway  and  curb 
inlets  are  very  efficient,  especially  where  they  are  properly  designed.  The 
openings  should  be  large,  and  the  basin  should  be  arranged  so  that  it  will 
not  retain  any  trash.  In  certain  locations  the  water  can  be  wasted 
under  the  structure;  in  others  it  is  necessary  to  carry  it  off  in  drains  to 
some  convenient  place.  The  drain  pipes  must  be  of  sufficient  capacity 
to  remove  the  water  quickly;  and  they  should  be  firmly  attached  to  the 
structure. 

On  bridges  with  level  grades  it  is  advisable  to  drain  the  rail  grooves. 
One  and  one-quarter  (13^)  inch  wrought-iron  pipes  spaced  about  sixty 
(60)  feet  centres  will  take  care  of  this  drainage  properly.  The  upper  end 
of  each  pipe  should  be  fitted  with  a  flange  to  hold  it  in  position;  and  the 
bottom  should  extend  below  the  adjacent  steelwork  so  that  the  water 
will  not  drip  upon  the  metal. 

The  curb  should  be  of  such  a  height  as  to  confine  the  water  properly 
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and  to  give  protection  to  the  sidewalk.  A  six  (6)  inch  curb  is  generally 
high  enough,  and  in  no  case  should  the  height  exceed  ten  (10)  inches. 
This  should  take  care  of  any  condition  that  may  arise.  Where  the  curb 
heights  are  large,  excessive  shimming  for  the  sidewalk  stringers  may  be 
necessary.  It  is  advisable  to  protect  the  curbs  against  wear,  especially 
on  steep  grades  where  there  is  a  great  tendency  to  brake  the  wagon  wheels 
against  them.  Timber  curbs  and  guards  are  best  protected  by  steel 
angles  attached  to  the  upper  inside  corners.  They  should  be  fastened 
with  No.  30  wood  screws  in  countersunk  slotted  holes  spaced  about  eigh- 
teen (18)  inches  from  centre  to  centre.  Angles  can  likewise  be  attached 
to  concrete  curbs,  although  there  are  certain  curb  bars  on  the  market 
that  are  very  good. 

The  grades  on  a  structure  should  be  given  careful  consideration  in  view 
of  the  traffic  that  is  to  cross  it.  Grades  of  two  (2)  and  three  (3)  per  cent 
are  satisfactory  for  practically  all  classes  of  traffic.  However,  when  the 
latter  is  exceeded,  the  grade  becomes  excessive  for  heavy  traffic.  Grades 
up  to  five  (5)  and  even  six  (6)  per  cent  are  sometimes  impossible  to  avoid, 
and  the  former  is  generally  satisfactory  for  ordinary  traffic.  With  the 
more  general  use  of  motor-trucks  these  steep  grades  can  also  handle  the 
heavy  traffic;  but  as  long  as  the  horse-drawn  dray  is  in  existence,  there 
will  always  be  a  decided  objection  to  them.  Where  a  rather  sharp  curve 
is  encountered  on  a  steep  grade,  the  inside  of  the  roadway  should  be  given 
the  same  degree  of  inclination  as  is  used  on  the  tangent,  especially  where  a 
limiting  grade  has  been  established.  In  no  case  should  any  part  of  the 
roadway  have  a  heavier  grade  than  the  traffic  warrants.  In  fact,  on 
curves  in  highway  structures,  it  is  even  advisable  to  reduce  the  limit 
set  for  straight  roadways  as  is  done  in  railroad  work. 

Where  a  change  in  grade  occurs  on  the  structure,  it  is  necessary  to 
ease  the  break  by  means  of  a  vertical  curve.  The  parabola  is  generally 
used  for  this;  and  it  can  be  worked  out  in  one  or  two  panels  on  each  side 
of  the  break.     A  curve  fifty  (50)  feet  long  will  ordinarily  be  sufficient. 

At  the  free  ends  of  the  spans  it  is  necessary  to  break  the  floor  and 
to  use  expansion  plates  so  as  to  provide  a  continuous  roadway  over  the 
openings.  These  covers  are  best  made  of  checkered  or  indented  plates, 
usually  riveted  to  base-plates.  Such  checkered  and  indented  plates  are 
not  made  in  thicknesses  greater  than  one-half  (^/Q  inch;  and  for  this 
reason  it  is  necessary  to  use  compound  plates,  except  where  a  one-half 
{}/2)  inch  plate  will  provide  the  requisite  strength.  Fig.  19/  shows  de- 
tails of  two  types  of  expansion  joints  in  roadways  that  have  been  used 
in  the  author's  practice,  one  of  them  being  for  timber  decks,  and  the 
other  for  a  pavement  resting  on  a  concrete  slab.  In  structures  on  grade 
the  top  plate  should  be  placed  on  the  up-grade  side  of  the  joint  in  order 
to  keep  the  water  from  flowing  under  the  plate.  At  the  ends  of  draw- 
spans  the  floor  cover-plates  have  to  be  lifted  by  a  mechanical  device  in 
order  to  swing  the  span.     This  can  be  arranged  so  as  to  be  operated  by 
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the  same  mechanism  that  actuates  the  end  wedges  and  the  gap  bars  for 
the  rai's. 

The  actual  designing  of  the  floor  sj^stem  will  not  be  taken  up  com- 
pletely in  this  chapter,  as  that  portion  of  the  structure  is  made  up  almost 
entirely  of  beams  and  girders,  the  main  points  in  their  design  being  covered 
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Fig.  19/.     Roadway  Expansion  Plates. 

fully  in  Chapter  XXI,  ''Plate  Girder  and  Rolled  I-Beam  Bridges." 
There  are,  however,  a  number  of  special  features  that  need  consideration, 
which  will  be  discussed  in  this  connection.  The  loads  as  well  as  special 
rules  governing  the  design  are  given  in  the  specifications  of  Chapter 
LXXVIII.  The  details  for  lateral  and  sway  bracing  connections  will 
be  found  in  Chapter  XX. 

Wherever  it  is  possible  to  do  so,  the  stringers  should  be  placed  below 
the  top  flanges  of  the  floor-beams  so  as  to  obviate  coping  the  stringers. 
This  can  usually  be  done  in  railway  spans,  but  care  must  be  taken  to 
see  that  the  rails  will  pass  over  the  floor-beams.  Then,  too,  sufficienr 
space  must  be  left  below  the  stringers  for  the  laterals.  In  through  high- 
way structures,  with  timber  floors  supported  on  ties  or  on  steel  stringers 
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with  nailing  strips  on  top,  the  same  detail  can  generally  be  worked  out, 
although  with  wide  roadways  it  may  be  necessary  to  cope  the  centre 
beams  in  the  latter  case  or  else  use  an  excessive  amount  of  shims.  In 
deck  structures  it  will  usually  be  found  impossible  to  avoid  coping  most 
of  the  stringers,  as  the  floor  must  be  supported  on  the  girders  or  trusses. 
Care  must  be  taken  to  see  that  the  floor-beams  or  cantilever-beams  do 
not  interfere  with  the  floor  at  the  curbs,  where  it  is  usually  the  lowest. 
Where  it  can  be  done,  the  stringers  should  be  placed  entirely  below  the 
flange  angles  so  that  fillers  will  not  be  required  on  the  cross  girders.  It 
might  even  be  economical  to  cope  the  stringers  so  as  to  clear  the  vertical 
legs  of  the  flanges.  The  stringers  are  usually  made  vertical,  although  in 
the  construction  shown  in  Fig.  19e  it  was  considered  advisable  to  incline 
them,  as  otherwise  a  large  number  of  small  bevelled  shims  would  have 
been  required  on  the  stringers  under  the  cross  beams. 

In  through  truss  spans  the  end  connection  angles  for  the  stringers  should 
have  outstanding  legs  not  less  than  six  (6)  inches  wide,  with  the  rivets 
placed  four  and  one  half  (4J^)  inches  from  the  backs,  so  as  to  provide 
for  the  stretch  in  the  bottom  chord  of  the  trusses  under  live  load.  In 
the  end  panels,  however,  the  connection  angles  against  the  end  floor-beams 
must  have  narrow  outstanding  legs  if  the  end  rivets  take  the  moment 
from  the  stringer  brackets.  Where  top  strap-plates  are  used  to  connect 
the  bracket  to  the  stringer,  the  wide-legged  angles  can  be  used.  Where 
the  above  moment  is  large,  it  is  necessary  to  make  the  web  and  bottom 
flanges  of  the  end  stringers  bear  against  the  webs  of  the  end  floor-beams 
in  order  to  take  the  thrust  from  the  stringer  brackets  at  the  bottom  and 
thus  increase  the  lever  arm  of  the  resisting  moment;  and  in  such  a  case 
the  brackets  should  be  detailed  to  deliver  their  thrusts  at  that  point. 

The  length  of  the  stringers  must  be  accurate,  and  to  secure  this  result 
the  end  connection  angles  are  either  fitted  to  the  stringers  in  frames  or 
milled  after  they  have  been  riveted  to  the  beams.  The  former  method 
is  the  usual  practice  followed  by  the  shops.  The  thickness  of  the  end 
angles  should  not  be  less  than  three-eighths  (^)  of  an  inch  for  highway 
work  and  seven-sixteenths  C/ie)  oi  an  inch  for  railway  work  where  they 
are  fitted  to  the  stringers.  Where  they  are  milled,  these  thicknesses 
should  be  increased  one-sixteenth  (^e)  of  an  inch.  The  rivets  in  the  end 
connection  angles  through  the  webs  of  the  stringers  must  be  proportioned 
for  the  maximum  end  shear,  while  those  through  the  cross-girder  webs 
must  be  figured  for  the  same  load  in  shearing  and  for  the  greatest  cross- 
girder  concentration  in  bearing.  At  expansion  points  in  the  floor  system 
of  long  spans  it  is  usually  difficult  to  drive  rivets  in  the  end  connection 
angles  in  the  field,  so  that  it  is  advisable  to  provide  driving-fit  turned 
bolts  at  these  places. 

The  rivet  spacing  in  the  webs  of  floor-beams  should  be  arranged  for 
multiple  punching  as  far  as  it  is  possible  to  do  so.  The  fillers  under  the 
stringer  comiections  should  be  omitted,  if  the  details  can  be  thus  worked 
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out  satisfactorily.  When  thin  fillers — say  ^"  or  less  in  thickness — are 
used,  and  there  is  an  excess  of  rivets  through  the  stringer  connection 
angles,  they  should  be  made  of  the  same  width  as  the  said  connection 
angles,  and  should  be  shop-riveted  to  the  floor-beams  with  countersunk 
rivets  placed  in  line  with  the  stringer  webs.  When  the  fillers  required  are 
thick,  or  when  there  is  no  excess  of  rivets  in  the  stringer  connection,  the 
said  fillers  should  be  made  six  (6)  inches  wider  than  the  width  of  the  con- 
nection angles,  in  order  to  provide  for  a  line  of  shop  rivets  along  each 
edge.     This  detail  should  also  be  used  when  it  is  possible  to  put  enough 
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rivets  in  the  stringer  connection  angles  to  carry  the  end  shear  of  one  stringer 
but  not  enough  in  bearing  on  the  floor-beam  web  to  care  for  the  floor- 
beam  reaction.  Where  timber  approaches  connect  to  the  main  structure, 
shelf  angles  should  be  attached  to  the  end  floor-beams  of  the  end  spans 
in  order  to  support  the  approach  stringers;  for  otherwise  it  will  be  nec- 
essary to  provide  a  special  support  for  these  on  the  end  piers.  Shelf 
angles  should  also  be  riveted  to  the  floor-beams  under  each  stringer  for 
supporting  the  latter  during  erection.  These  angles  should  be  of  mini- 
mum sections;  and  rivets  should  be  provided  for  the  erection  load  only. 
No  reliance  should  be  placed  on  these  rivets  for  transferring  the  stringer 
load  to  the  floor-beam. 

At  expansion  joints  in  the  floor  system,  expansion  pockets  are  required 
for  the  stringers.  These  are  riveted  to  the  cross  girders;  and  they  should 
be  amply  strong  for  transferring  the  stringer  reactions  to  them,  due  al- 
lowance being  made  for  the  bending  moment  on  the  groups  of  rivets. 
Figs.  19gf  and  Vdh  show  typical  expansion  pockets  used  by  the  author. 
The  detail  shown  in  Fig.  19^  is  adopted  where  there  is  ample  depth  below 
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the  stringer  to  develop  the  pocket;  and  the  detail  illustrated  in  Fig.  19^ 
is  employed  where  this  depth  is  limited. 

The  end  connection  angles  for  the  floor-beams  should  conform  to  the 
requirements  previously  given  for  stringers  as  to  thickness.  In  fixing  the 
length  of  the  outstanding  legs  it  is  necessary  to  consider  the  spacing  of 
the  rivets  in  the  trusses  and  the  number  thereof  that  can  be  driven.  In 
riveted  trusses  the  end  detail  of  the  intermediate  floor-beams  is  compara- 
tively simple;  but  in  pin-connected  trusses  it  is  often  difficult  to  obtain 
a  satisfactory  detail  on  account  of  cutting  out  the  girder  to  make  room 
for  the  pin.  Two  conditions  arise  in  the  latter  case — the  one  in  which  the 
end  reaction  can  be  taken  care  of  in  every  respect  in  the  depth  of  the 
girder  above  the  cut,  and  the  other  in  which  it  is  necessary  to  transfer 
part  of  the  said  reaction  to  the  trusses  above  the  top  flange.  Where  only 
a  few  additional  field  rivets  are  required,  the  outstanding  legs  of  the  top 
flanges  can  be  cut  back  and  the  end  connection  angles  extended  suffi- 
ciently to  secure  these  extra  rivets.  The  section  of  the  connection  angles 
must  be  sufficient,  hov^ever,  to  transfer  the  stress  carried  by  these  rivets. 
Where  a  satisfactory  detail  cannot  be  worked  out  in  this  way  it  is  neces- 
sary to  form  a  bracket  by  splicing  the  web  and  extending  it  above  the 
top  flange.  In  all  cases,  except  where  the  cut  is  very  shallow,  rein- 
forcing plates  are  required  to  strengthen  the  web;  and  they  are  frequently 
needed  to  develop  the  bottom  flanges  properly. 

Where  it  is  not  necessary  to  extend  the  connection  above  the  top 
flange,  the  vertical  section  along  the  cut  should  be  figured,  as  this  is  the 
weakest  part.  Its  net  moment  of  inertia  must  be  used,  and  the  value  of 
the  plates  and  angles  entering  into  it  must  be  determined  by  the  rivets 
available  for  developing  their  strength.  The  web  reinforcing  plates  should 
be  extended  to  such  a  point  that  the  shear  carried  across  this  section 
can  be  transferred  to  the  web.  There  should  be  sufficient  rivets  between 
the  end  of  either  flange  and  the  first  stringer  to  transfer  the  entire  flange 
stress  in  this  distance.  If  this  requires  a  rivet  pitch  of  less  than  two 
diameters,  reinforcing  plates  extending  over  the  web  plates  and  the  ver- 
tical legs  of  the  flange  angles  are  needed  to  relieve  the  horizontal  section 
of  the  web  next  to  the  flange,  which  would  otherwise  be  overstressed  in 
shear.  Beyond  these  patch  plates  the  flange  pitch  should  not  be  less  than 
two  diameters.  The  same  procedure  should  be  followed  in  floor-beams 
with  brackets  extending  above  the  top  flange.  In  this  case,  however, 
the  flange  stress  on  the  upper  inclined  fibre,  as  determined  by  the  usual 
method,  must  be  multiplied  by  the  square  of  the  secant  of  the  angle 
between  the  inclined  edge  and  a  normal  to  the  section.  Moreover,  it  is 
necessary  to  test  the  horizontal  section  of  the  bracket  just  above  the  top 
flange  in  a  similar  manner.  The  moment  on  this  section  is  computed 
from  the  proportionate  share  of  the  end  reaction  carried  by  the  rivets 
that  are  located  above  the  top  flange  of  the  girder.  Ordinarily,  it  will 
be  best  to  cut  off  the  outstanding  legs  of  the  top  flange  angles  so  as  to 
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permit  the  end  connection  angles  to  be  continuous;  for  cutting  the  latter 
at  this  point  would  weaken  the  horizontal  section  just  mentioned.  Re- 
inforcing {ilates  are  placed  against  the  floor-beam  web  between  the  flanges, 
extending  under  the  end  connection  angles;  and  they  are  usually  carried 
back  so  as  to  act  as  splice  plates  for  the  web  at  the  point  where  it  is  cut. 
Additional  reinforcing  plates  can  be  placed  over  the  flange  angles,  end 
connection  angles,  and  splice  plates,  if  such  reinforcing  be  needed.  A 
very  good  detail  can  be  obtained  in  such  a  case  by  cutting  back  the  ver- 
tical legs  as  well  as  the  horizontal  legs  of  the  top  flange  angles,  and  adopt- 
ing end  angles  of  the  same  thickne'ss  as  the  flange  angles,  unless  this  would 
give  excessively  thick  end  angles.  The  latter  are  to  be  placed  directly 
against  the  web.  Reinforcing  plates  of  the  same  thickness  as  the  end 
angles  are  then  placed  between  the  said  flanges;  and  outer  reinforcing 
plates  are  added,  extending  over  the  first  plates  and  the  legs  of  the  flange 
angles  and  end  connection  angles.  Occasionally,  in  light  work,  it  is  pos- 
sible to  cut  back  the  top  flange  angles,  place  the  end  connection  angles 
against  the  floor-beam  web,  and  not  use  either  fillers  or  reinforcing  plates, 
provided  the  web  is  ample  for  resisting  both  the  bending  moment  and  the 
shear  at  this  point.  If  the  section  of  the  floor-beam  at  the  point  where 
the  splice  is  located  is  sufficient  to  resist  the  bending  moment  without 
the  aid  of  the  reinforcing  plates,  the  splice  can  be  designed  in  the  same 
manner  as  for  any  ordinary  girder  in  so  far  as  the  details  on  the  side  next 
the  centre  of  the  floor-beam  are  concerned.  In  testing  the  strength  of 
various  sections,  special  care  should  be  taken  to  see  that  to  no  part  is 
there  assigned  a  stress  greater  than  can  be  developed  by  the  rivets  therein 
on  both  sides  of  the  section.  Sections  for  testing  should  be  taken  parallel 
or  normal  to  the  direction  of  the  external  forces  acting  thereon,  for  the 
ordinary  assumptions  regarding  the  distribution  of  stresses  over  a  cross- 
section  do  not  applj^  to  inclined  sections. 

In  deck  structures  where  cantilever-beams  outside  of  the  girders  are 
used,  the  tops  of  the  floor-beams  and  those  of  the  said  cantilever-beams 
should  be  in  the  same  plane  and  flush  with  the  top  cover  plate  of  the 
main  girder.  This  permits  the  strap  plates  to  pass  over  the  girders.  At 
other  panel-points  it  may  be  necessary  to  use  fillers  between  the  strap 
plates  and  the  top  of  the  girder.  This  detail  necessitates  cutting  back 
the  flanges  and  the  top  corners  of  the  webs  of  the  cross-girders;  and  in 
so  doing  they  should  be  trimmed  in  such  a  way  that  fillers  will  not  be 
required  against  the  webs  of  the  main  girders. 

In  through,  plate-girder  spans  the  top  flanges  thereof  have  to  be  sup- 
ported laterally  from  the  floor-beams.  The  best  detail  consists  in  splic- 
ing the  web  and  extending  the  part  next  to  the  girder  above  the  top  flange 
in  the  form  of  a  bracket.  Stiffeners  should  be  used  at  all  panel-points, 
shop  riveted  to  the  girders;  and  the  cross  girders  should  be  field  riveted 
to  their  outstanding  legs.  The  brackets  need  not  always  extend  quite 
all  the  way  to  the  top  flange ;  but  in  any  case  they  must  l)e  deep  enough 
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to  develop  the  end  reaction.  Preferably,  though,  these  brackets  should 
extend  clear  up  to  the  top  flange.  The  bracket  plate  should  be  tested 
at  a  horizontal  section  just  above  the  top  flange  for  the  proportionate 
part  of  the  load  transferred  by  the  rivets  in  the  bracket.  If  this  section 
figures  weak,  additional  end  connection  angles  should  be  provided  on  the 
floor-beam  proper  opposite  the  stiffener  angles.  The  flange  angles  on  the 
side  of  the  web  against  the  stiffeners  of  the  main  girder  must  be  cut  back 
to  clear  them;  but  on  the  other  side  they  should  extend  the  full  length 
of  the  beams.     These  details  are  illustrated  in  Fig.  2 Ire. 

Where  cantilever  beams  are  used,  it  is  necessary  to  connect  them  to 
the  floor-beams  by  strap  plates  at  the  top;  and  thrust  angles  are  required 
at  the  bottom,  unless  both  bear  against  the  same  web  plate  as  in  ordi- 
nary girder  construction,  in  which  case  the  thrust  angles  are  not  needed. 
In  through  truss  spans  the  tension  straps  must  pass  outside  of  the  posts 
and  be  connected  to  the  floor-beams  and  cantilever  beams  through  hori- 
zontal connection  plates;  while  in  deck-girder  spans  they  can  be  con- 
nected directly  to  the  top  flanges  of  the  cross  beams.  This  can  also  be 
done  sometimes  in  the  end  cantilever  beams  of  through  truss  spans,  and 
in  deck  truss  spans,  if  the  tops  of  the  cross  girders  and  cantilevers  are 
placed  at  the  same  elevations  as  the  tops  of  the  upper  chords.  Should 
the  total  thickness  of  such  strap  plates  equal  or  exceed  three-quarters 
(^)  of  an  inch,  it  will  be  economical  to  use  two  or  more  plates.  The 
top  plate  should  engage  enough  rivets  at  each  end  to  develop  it  properly, 
and  each  succeeding  plate  should  extend  far  enough  beyond  the  one 
above  it  to  develop  it  fully.  In  truss  and  through-plate-girder  construc- 
tion it  will  frequently  be  necessary  to  slot  gusset  plates  or  girder  webs 
to  provide  for  the  passage  of  the  tension  straps.  The  arrangement  of 
the  thrust  angles  is  likely  to  vary  greatly;  and  in  the  case  of  end  floor- 
beams  it  may  be  necessary  to  make  the  shoe  take  care  of  the  thrust  from 
the  bottom  flange  of  the  cantilever  beam.  Where  this  is  done,  it  will 
be  well  to  have  the  holes  in  one  end  of  the  tension  straps  drilled  in  the 
field,  or  at  least  sub-punched  in  the  shop  and  then  reamed  in  the  field; 
for  it  is  practically  impossible  to  secure  a  satisfactory  matching  of  parts 
at  such  a  point  in  any  other  way.  In  some  cases  field  drilling  will  be 
advisable  for  the  bottom  flanges  also.  In  Fig.  I9i  are  shown  details 
of  the  tension  straps  and  thrust  angles  for  a  through  truss  span;  and 
Fig.  19/  gives  similar  details  for  a  deck-girder  span.  Details  of  thrust  angles 
to  be  used  at  the  columns  of  a  deck-girder  viaduct  are  indicated  in  Fig.  23e. 
The  6"  X  4"  X  %"  angles  noted  in  this  drawing  are  to  be  put  in  place 
after  the  longitudinal  girder  has  been  erected;  and  they  are  ground  to 
fit  th(!  diaphragm  angles  of  the  column  and  the  end  connection  angles 
of  the  girder.  The  ^"  plate  is  used  at  expansion  points  only,  and  is 
ground  to  fit  the  diaphragm  angles  of  the  column.  In  all  cases  where 
thrust  angles  are  employed,  they  must  be  ground  to  a  tight  fit. 

The  section  of  the  tension  flange  of  the  cantilever  should  be  figured 
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at  the  end  of  the  strap  plate;  and  the  bottom  flange  should  be  made  of 
the  same  or  an  equivalent  section,  end  reinforcing  plates  being  added 
when  required.  The  flanges  should  ordinarily  consist  of  two  angles,  with 
reinforcing    plates  on    the  bottom  flanges  if  needed.      Unequal-legged 
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Fig.  19i.     Strap  Plates  and  Thrust  Angles  for  Cantilever  Beams  of  Truss  Spans. 

angles,  with  the  longer  legs  outstanding,  can  be  used  to  advantage,  as 
the  width  of  the  flange,  and,  consequently,  the  allowable  unit  compres- 
sive stress,  are  increased  thereby.  As  the  top  and  the  bottom  flanges  are 
nearly  always  different  in  detail,  the  use  of  the  same  sections  for  the 
two  is  not  so  important  as  in  the  case  of  girders  with  parallel  flanges; 
but  usually  they  should  be  made  the  same.  For  a  long  cantilever  beam 
a  considerable  amount  of  metal  is  wasted  when  a  single  section  of  angle 
is  used  throughout  each  flange,  so  that  it  is  frequently  advisable  to  adopt 
two  or  more  sections,  properly  spliced  to  each  other.     This  should  rarely 
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be  done  on  any  but  large  cantilevers,  as  it  increases  the  cost  of  the  shop- 
work.  The  bottom  flange  should  generally  be  braced  by  brackets  to  one 
or  more  lines  of  stringers.  A  detail  similar  to  that  shown  on  the  fixed 
stringer  in  Fig.  I9h  will  serve  for  this  purpose.     Such  bracing  is  discussed 
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further  in  Chapter  XX.  The  end  connection  angles  should  conform 
to  the  requirements  for  those  of  stringers.  Details  for  these  are  shown 
in  Figs.  19i  and  19/.  In  cantilever  beams  it  is  necessarj'-  to  mill  the  bot- 
tom flange  with  the  end  connection  angles  in  order  to  secure  good  bear- 
ing. The  same  is  also  true  of  the  bottom  flanges  of  the  floor-beams 
where  they  are  of  the  same  depth  as  the  cantilevers.  The  details  at  the 
outer  ends  should  be  such  that  proper  connections  can  be  made  for  the 
handrails,  trolley  poles,  and  lamp  posts.  While  the  cantilevers  are  usu- 
ally built  with  solid  webs,  they  are  sometimes  made  of  open  angle  con- 
struction, especially  where  they  are  short  and  carr}^  light  loads.  Fig. 
19e  indicates  details  for  such  a  cantilever. 

The  handrails  for  bridges  should  be  designed  for  the  service  which 
they  are  expected  to  render.  Where  there  is  little  likelihood  of  their 
being  exposed  to  unusual  loads,  either  transversely  or  vertically,  a  light 
railing  can  be  employed.  Such  conditions  are  generally  found  on  small, 
isolated,  highway  bridges  where  the  traffic  is  infrequent  and  light.  How- 
(!ver,  should  th(!  bridge  be  used  by  herds  of  cattle  and  the  like,  substan- 
tial railings  must  be  provided.  Moreover,  on  city  or  other  bridges  where 
people  are  likely  to  collect  in  large  numbers,  Avell  designed  handrails 
must  be  adopted.  Not  only  is  it  necessary  to  connect  the  railing  posts 
themselves  firmly  to  the  superstructure,  but  the  railings  must  be  properly 
attached  to  the  posts. 

Various  types  and  heights  of  handrails  are  employed.  Where  they 
serve  as  a  protection  for  animals,  they  should  be  from  4'  6"  to  5'  6"  in 
licight;  where  used  for  pedestrian  traffic  only,  along  sidewalks,  a  height 
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of  3'  6"  or  4'  0"  is  sufficient.  Higher  railings  in  such  places  are  objec- 
tionable, as  they  produce  the  effect  of  a  fence  to  too  great  an  extent. 
Sidewalk  railings  should  be  so  designed  that  the  openings  are  not  over 
six  (G)  inches  in  any  dimension,  in  order  to  prevent  children  and  small 
animals  from  falling  through. 

For  light  highway  bridges  timber  railings  are  sometimes  employed. 
Their  construction  is  fully  covered  in  Chapter  LXXVIII.  Where  steel 
handrails  are  used,  they  may  be  of  either  the  gas-pipe  or  latticed  type. 
In  both  cases  they  are  attached  directly  to  the  truss  members.  In  the 
former,  three  lines  of  railing  are  sufficient.     Two  (2)  -inch  pipe  is  used 
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Fig.  19fc.     Lattice-type  Handrail. 

in  the  top  railing  and  one  and  one-half  (13^)  -inch  in  the  lower  lines.  The 
lattice  railing  is  generally  made  about  thirty  (30)  inches  deep  with  one 
2"  X  2"  X  M"  angle  at  the  top  and  bottom,  connected  by  Xy^'  X  3/16" 
bars  riveted  together  where  they  cross  each  other. 

Gas-pipe  railings  are  seldom  employed  on  city  bridges  except  for  the 
roadways;  and  in  such  cases  not  less  than  four  lines  of  pipe  should  be 
used,  the  top  line  being  of  three  (3)  -inch  diameter  and  the  lower  lines 
of  two  (2)  or  two  and  one-half  (23^)  -inch  pipe.  Where  posts  are  required, 
they  are  usually  of  three  (3)  -inch  gas-pipe,  cast  iron,  or  structural  shapes 
— preferably  small  I-beams.  The  holes  in  the  posts  for  the  railings  should 
have  sufficient  clearance  to  permit  easy  erection,  after  which  the  pipes 
should  be  wedged  tight.  Sleeve  expansion  joints  are  necessary  to  take 
care  of  temperature  changes  between  the  fixed  points. 

Structural  handrails  are  generally  used  for  city  bridges,  as  they  lend 
themselves  better  to  aesthetic  treatment.  Many  types  of  railing  have 
been  standardized;  and  their  design  can  be  found  in  anj^  of  the  catalogues 
of  manufacturers  of  handrails.  The  author  has  employed  the  railing 
shown  in  Fig.  19A;  very  extensively.  Its  appearance  is  neat,  although 
somewhat  severe,  and  it  is  easily  fabricated  by  any  shop  at  a  moderate 
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cost.  Where  money  is  available  for  ornamentation,  more  elaborate  rail- 
ings can  be  designed.  Another  railing  that  is  inexpensive  and  at  the 
same  time  neat  and  substantial  is  shown  in  Fig.  19/.  With  the  structural 
handrails,  structural  or  cast  iron  posts   are  employed.     For  the  railing 
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Fig.  19L     Bar-type  Handrail. 


shown  in  Fig.  19A;  double  angles  with  the  wide  legs  turned  out  are  gen- 
erally used  without  braces;  for  that  shown  in  Fig.  19/  cast  iron  or  I-beam 
posts  give  the  most  satisfactory  details. 

In  all  handrails,  proper  provision  must  be  made  for  aligning  them  in 
the  field  both  vertically  and  horizontally,  and  this  should  be  done  in  as 
simple  a  manner  as  practicable.  Moreover,  field  drilling  should  be  reduced 
to  the  least  amount  possible  or  eliminated  altogether,  as  such  work  is 
very  expensive.  It  is  for  this  reason  that  a  simple  connection  should 
be  designed,  if  possible.  Shims  are  a  nuisance  in  erecting  the  handrails, 
but  they  can  seldom  be  avoided. 

With  electric  cars  crossing  a  structure  trolley  poles  are  needed,  except 
where  the  tracks  are  between  the  trusses  in  through  bridges,  in  which 
case  the  trolley  wires  are  connected  to  the  sway  frames.  Lamp  posts  are 
also  required  in  case  the  structure  is  lighted,  except  where  brackets  can 
be  supported  from  the  trusses  in  through  bridges.  Even  on  through 
structures  it  is  sometimes  advisable  to  use  lamp  posts  along  the  outside 
of  the  roadways  which  are  cantilevered  out  from  the  trusses.  Both  the 
lamp  posts  and  the  trolley  poles  may  be  placed  in  line  \vith  the  hand- 
railing  or  independently  along  the  curbs  or  some  other  convenient  posi- 
tion. In  some  cases  the  trolley  poles  and  lamp  posts  have  been  com- 
bined into  one,  but  this  is  not  very  satisfactory  on  account  of  the  vibration 
of  the  former.     Moreover,  the  separate  poles  give  a  much  better  appear- 


FLOORS   AND    FLOOR   SYSTEMS 


385 


mice  to  the  structure,  especially  if  there  is  a  walkway  on  each  side  of  the 
roadway,  and  if  the  lamp  posts  can  be  placed  at  the  curbs  and  the  trolley 
poles  in  the  handrails,  or  vice  versa. 

The  ordinary  gas-pipe  trolley  pole  made  up  of  two  or  three  sections, 
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the  larger  ones  swedged  to  hold  the  smaller  ones  at  the  joints,  is  generally 
the  best  kind  to  use  where  the  poles  are  isolated  from  the  handrails.  It 
is  supported  by  a  bracket  riveted  to  the  steelwork  and  held  in  line  by 
a  collar  attached  some  distance  above  it.  A  modification  of  this  type  of 
pole,  designed  for  use  with  the  handrailing  illustrated  in  Fig.  19/,  is  shown 
in  Fig.  19m.  A  structural  trolley  pole  built  up  of  angles  and  plates  can 
be  used  with  handrails,  although  care  must  be  taken  to  support  it  prop- 
erly so  that  it  mil  not  have  a  tendency  to  distort.  Cast  iron  should  not 
be  employed  for  trolley  poles,  unless  the  stresses  therein  are  very  low. 
They  can  be  used  with  tension  rods  on  the  inside  near  the  outer  face. 
The  details  for  this,  however,  are  not  very  satisfactory. 

Lamp  posts  are  generally  made  of  cast  iron  of  some  neat  design.  Fig. 
19n  shows  the  lamp  post  used  in  connection  with  the  handrailing  illus- 
trated in  Fig.  191.  The  lower  portion  of  this  post  is  identical  with  that 
of  the  post  at  the  cantilever  bracket  shown  in  the  last  mentioned  figure. 

Where  a  railway  crosses  a  structure  on  the  same  level  as  the  road- 
ways, timber  screens  should  be  provided  between  the  part  of  the  struc- 
ture occupied  by  the  tracks  and  that  devoted  to  the  vehicular  traffic. 
When  this  is  not  done,  horses  are  more  than  likely  to  be  frightened  by 
the  approaching  trains,  thus  causing  serious  accidents.  Latticed  screens 
are  best,  as  they  offer  the  least  resistance  to  the  wind.  They  should  be 
so  arranged,  however,  that  animals  can  not  see  through  them,  and  should 
be  high  enough  so  that  they  cannot  look  over  them 
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The  laterals  of  a  bridge  have  to  perform  three  important  functions, 
each  of  which  is  vital  to  the  life  of  the  structure. 

First.  Thej^  take  care  of  transverse  loads,  such  as  those  due  to  wind 
or  centrifugal  forces. 

Second.     They  hold  the  compression  members  in  line. 

Third.  They  stiffen  the  structure  against  the  vibrations  caused  by 
rapidlj'-moving  live  loads;  or  in  other  words,  they  make  it  rigid. 

The  need  of  bracing  for  actual  transverse  loads  is  apparent,  and  some 
provision  therefor  has  nearly  always  been  made  in  bridge  construction, 
at  least  so  far  as  the  main  sections  of  the  laterals  are  concerned.  The 
requirement  that  all  compression  members  be  held  in  line  properly  is  also 
evident,  although  its  importance  was  not  fully  appreciated  in  earlier 
bridge  design,  and  many  pony  trusses  were  constructed  with  inadequately 
supported  top  chords.  The  fact  that  bridges  should  be  rigid  was  not 
appreciated  for  many  j^ears,  and  as  a  result  many  light,  vibratory  struc- 
tures were  built.  It  was  found,  however,  that  these  structiu-es,  while 
perfectly  safe  at  first,  soon  racked  to  pieces,  and  had  to  be  replaced  long 
before  their  useful  life  should  have  ended;  and  today,  no  bridge  can 
be  considered  truly  first-class,  unless  proper  rigidity  in  all  its  parts  has 
been  provided. 

The  stresses  in  any  given  system  of  laterals  from  actual  or  assumed 
transverse  loads  can  be  readily  computed.  The  stress  coefficients  given 
in  Table  lO/i  will  be  found  useful  in  making  such  calculations.  Wind 
and  traction  loads  are  discussed  in  Chapter  IX,  and  centrifugal  forces 
in  Chapter  VIII.  For  short  span  bridges,  however,  it  will  be  found  that 
the  sections  required  for  the  wind  loads  are  less  than  those  which  due 
regard  for  rigidity  will  permit,  and  in  such  structures  the  design  of  the 
laterals  is  largely  a  matter  of  judgment.  The  specifications  of  Chapter 
LXXVIII  have  been  so  written  as  to  compel,  as  far  as  possible,  the  use 
of  proper  sections  for  such  lateral  members.  For  railway  bridges,  a  heavy 
"vibration  load"  has  been  adopted  with  this  purpose  in  view.  All  wind 
loads  are  treated  as  moving  loads,  so  as  to  give  greater  stresses  near  the 
centre  of  a  span  than  would  be  found  if  they  were  assumed  as  static  over 
the  entire  structure.  Furthermore,  it  is  specified  that,  for  important  high- 
way bridges  and  all  railway  bridges,  the  members  of  the  lateral  systems 
must  be  capable  of  resisting  compression  as  well  as  tension;  and  this 
requirement  will  bar  out  adjustable  rods  and  light,  flimsy  angle-members. 
It  is  further  provided  that  all  detailing  must  be  done  in  such  a  manner 
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as  to  develop  the  full  strength  of  the  members  rather  than  the  figured 
stresses;   and  a  strong,  rigid  lateral  system  is  thereby  assured. 

The  requirement  above  mentioned,  that  the  members  of  the  lateral 
system  shall  be  capable  of  resisting  compression  as  well  as  tension,  is 
valuable  in  that  it  ensures  rigidity,  as  well  as  the  use  of  proper  sections 
for  strength.  When  such  stiff  members  are  riveted  up,  the  resulting 
system  is  certain  to  be  rigid.  When  riveted  members  are  designed  for 
tension  only,  the  system  will  be  rigid  only  in  case  that  proper  amounts 
of  draw  are  provided,  and  that  particular  care  is  given  to  both  the  shop 
and  the  field  inspection,  so  as  to  make  certain  that  all  members  will  be 
under  ample  initial  tension.  Where  the  stresses  are  large  enough  to  en- 
sure fairly  large  sections,  the  practice  is  not  so  very  objectionable;  but 
generally  truly  stiff  members  should  be  used,  especially  as  their  adoption 
rarely  calls  for  much  additional  metal. 

In  cheap  highway  bridges  the  employment  of  adjustable  rods  is  per- 
missible; and  if  they  are  properly  connected  to  other  members,  and  are 
kept  tightened,  they  will  serve  fairly  well  for  such  structures. 

It  should  be  noted  here  that  with  certain  types  of  solid  floors  the 
omission  of  part  or  all  of  the  lateral  bracing  is  allowable.  Where  steel 
trough  construction  is  employed  for  the  floor  of  a  span,  all  lateral  bracing 
in  the  plane  of  the  floor  should  be  omitted.  Where  concrete  slabs  are 
used,  bracing  in  the  plane  of  the  top  flanges  of  the  stringers  can  usually 
be  left  out;  and  frequently  this  is  permissible  for  solid  timber  floors  as 
well.  However,  imder  such  circumstances  it  is  rarely  advisable  to  omit 
the  lateral  bracing  between  the  main  girders  or  trusses,  as  it  will  serve 
to  line  up  the  structure  during  erection.  Further,  the  bridge  is  likely 
to  stand  for  some  time  before  the  concrete  or  timber  floor  is  placed;  and 
it  may  even  have  to  carry  traffic.  However,  there  is  no  objection  to  using 
minimum  sections  throughout  for  such  members. 

The  centre  lines  of  all  members  of  a  lateral  system  (including  the 
chords  of  the  main  trusses  when  they  form  the  chords  of  the  lateral 
system)  should  meet  at  a  common  point  at  each  intersection,  unless 
the  effect  of  any  resulting  eccentricity  be  considered  and  duly  cared 
for.  The  application  of  the  above  rule  will  frequently  cause  the  con- 
nection-plates to  be  excessively  large;  and  if  the  stresses  in  the  lat- 
erals are  small  in  proportion  to  the  stresses  in  the  chords,  an  eccentric 
connection  is  frequently  allowable.  Where  the  two  leaves  of  the  chord 
member  are  well  laced  together,  or  have  a  cover-plate  or  longitudinal 
diaphragm,  it  will  be  proper  to  assume  that  any  bending  moment  coming 
from  the  laterals  meeting  eccentrically  at  any  panel-point  affects  the 
chord  member  at  that  panel-point  only,  this  moment  being  divided  be- 
tween the  two  chord  sections  meeting  at  the  point  in  direct  proportion 
to  their  moments  of  inertia,  and  in  inverse  proportion  to  their  lengths. 
This  action  will,  of  course,  put  transverse  shears  on  the  lacing  of  the  said 
chord  members.     In  case  the  two  leaves  of  the  chord  are  joined  by  tie- 
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plates  only,  there  will  \)c  a  tendency  for  any  stress  applied  eccentrically 
to  remain  so  throughout  the  entire  length  of  the  chord,  as  the  above- 
mentioned  transverse  shears  are  not  well  provided  for;  hence  with  chord 
members  of  this  type  an  eccentric  intersection  of  the  laterals  should  usually 
be  avoided. 

The  make-up  of  the  sections  of  lateral  members  depends  on  the  char- 
acter of  the  structure,  on  the  stresses  they  have  to  carry,  on  their  lengths, 
and  on  the  connections  which  are  required  to  suit  the  main  members 
which  they  brace.  For  light  highway  bridges,  adjustable  rods  are  per- 
missible. For  all  other  structures,  stiff  riveted  members  are  required. 
Where  the  members  are  short  and  the  stresses  small,  as  in  stringer  brac- 
ing, single  angles  are  frequently  adopted.  For  girder  spans,  and  for 
ordinary  truss  spans  where  the  laterals  can  be  supported  at  intermediate 
points,  as  from  the  stringers,  two  angles  placed  back  to  back  will  usu- 
ally be  found  to  give  a  sufficiently  large  radius  of  gyration,  and  to  care 
amply  for  the  stresses  which  come  upon  them.  Where  the  radii  of  gyra- 
tion required  in  the  two  directions  are  about  equal,  it  is  generally  best 
to  employ  unequal-legged  angles,  with  the  longer  legs  together;  although 
two  equal-legged  angles  will  often  serve  very  well.  If  a  greater  radius 
of  gyration  is  necessary  in  one  direction,  it  can  be  obtained  in  three  ways. 
Let  us  say  that  the  radius  of  gyration  in  a  vertical  direction  (about  a 
horizontal  axis)  is  to  be  the  greater.  W^e  may  then  use:  two  unequal- 
legged  angles  having  a  large  difference  in  the  lengths  of  the  two  legs,  such 
as  seven  inches  by  three  and  one-half  inches  (7"  X  33^")  or  five  inches 
by  three  inches  (5"  X  3")>  with  the  long  legs  placed  vertically  and  riv- 
eted together;  two  equal-legged  angles,  with  the  horizontal  legs  riveted 
together;  or  two  unequal-legged  angles,  with  the  shorter  legs  horizontal 
and  riveted  together.  The  first  two  methods  will  make  the  radius  of 
gyration  in  a  vertical  direction  about  one  and  one-half  times  that  hori- 
zontally, while  the  third  method  will  make  it  from  two  to  four  times  the 
other.  The  two  angles  are,  preferably,  placed  with  their  backs  in  con- 
tact; but  if  this  arrangement  fails  to  give  a  large  enough  radius  of  gyra- 
tion, they  may  be  separated  by  washers.  It  should  be  noted  that  one 
is  not  usually  free  to  choose  whether  the  horizontal  or  the  vertical  legs 
will  be  in  contact,  as  the  details  of  the  connections  or  the  proper  appear- 
ance of  the  completed  structure  -will  generally  settle  this  point. 

In  case  the  stresses  are  larger  than  the  two-angle  section  will  care  for 
without  the  use  of  unduly  thick  angles,  a  plate  may  be  riveted  to  them 
to  increase  the  sectional  area. 

For  sections  composed  of  one  or  two  angles,  or  of  two  angles  and  a 
plate,  the  proper  reduction  in  efficiency  should  be  made,  as  specified  in 
Chapter  LXXVIII  and  explained  in  Chapter  XVI. 

When  it  is  impossible  to  secure  a  sufficiently  great  value  of  the  radius 
of  gyration  by  the  use  of  a  two-angle  section  without  undue  waste  of 
metal,  or  when  it  is  preferable  to  grip  both  the  top  and  the  bottom  faces 
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of  a  chord,  an  I-strut  composed  of  four  angles  with  a  hne  of  lacing  is  gen- 
erally preferred.  For  unimportant  members,  a  channel-shaped  strut  com- 
posed of  two  angles  and  a  line  of  lacing  is  frequently  allowable.  Ordina- 
rily it  will  be  found  best  to  use  unequal-legged  angles,  with  the  longer  legs 
turned  out  so  as  to  get  the  greatest  possible  radius  of  gyration.  In  case 
the  members  are  excessively  long,  it  is  sometimes  necessary  to  adopt  a 
box  strut  laced  on  the  four  sides,  and  having  at  each  corner  an  equal- 
legged  angle  with  its  legs  turned  inward.  The  four  lines  of  lacing  re- 
quired make  this  latter  type  a  rather  expensive  strut,  however. 

It  will  frequently  be  found  possible  to  effect  a  saving  by  supporting  a 
long  strut  at  its  mid-point  by  means  of  a  short  strut  carried  to  an  adjacent 
intersection  point  of  the  bracing,  as  the  reduced  value  of  the  radius  of 
gyration  permitted  thereby  will  allow  the  adoption  of  a  materially  smaller 
section.  The  possible  economy  to  be  effected  by  this  device  should  always 
be  considered.  In  detailing  the  laterals  beneath  a  floor,  a  saving  can 
frequently  be  made  by  supporting  them  from  the  stringers. 

It  is  the  common  practice  to  use  lateral  bracing  with  two  systems  of 
cancellation.  This  custom  began  in  the  eariier  period  of  bridge  building, 
when  lateral  diagonals  were  nearly  always  tension  members,  and  the  two 
systems  were  necessary.  With  the  use  of  rigid  members  throughout  in 
the  laterals,  the  double  system  is  not  required;  but  its  employment  is 
generally  advisable,  because  of  the  unsynmietrical  appearance  of  the  single 
system,  and,  when  the  main  trusses  are  far  apart,  because  diagonals  of  a 
single  system  would  be  very  long  and  the  necessary  radius  of  gyration 
hard  to  secure.  For  single-track,  deck  bridges,  however,  the  single-inter- 
section bracing  is  frequently  used;  and  it  effects  a  material  saving,  par- 
ticularly in  plate-girder  spans.  The  relative  economy  of  the  two  types 
should  be  considered  wherever  the  appearance  of  the  single  system  is 
not  objectionable. 

Where  all  the  diagonals  of  a  lateral  system  are  tension  members,  it  is 
necessary,  of  course,  that  each  diagonal  in  any  panel  be  able  to  carry  the 
entire  shear  in  that  panel.  Where  a  single  system  of  struts  is  used,  each 
member  must  be  able  to  carry  the  entire  shear  in  either  tension  or  com- 
pression; and  where  a  double  system  of  struts  is  employed,  each  member 
should  be  able  to  carry  one-half  of  the  entire  shear  in  either  tension  or 
compression. 

A  comparatively  new  system  of  trussing,  known  as  the  K-truss,  which 
is  being  used  in  the  main  trusses  of  the  new  Quebec  Bridge,  has  been  ap- 
pUed  to  a  limited  extent  to  lateral  systems.  It  can  be  employed  only 
where  the  panel  length  is  considerably  less  than  the  distance  from  centre 
to  centre  of  trusses,  under  which  condition  double  intersection  systems 
with  each  diagonal  extending  over  two  panels  of  the  floor  system  have 
generally  been  adopted.  The  two  types  have  the  same  stresses  in  the 
diagonals,  and  require  the  same  sections,  and  the  diagonals  are  of  equal 
length ;  and  as  the  weights  of  the  details  are  about  the  same,  there  is  little 
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to  choose  between  the  two  systems.  Messrs.  Boiler,  Hodge,  and  Baird 
luive  used  tlie  system  to  some  extent  m  the  end  panels  of  some  of  their 
bridges,  making  the  diagonals  meet  at  the  centre  of  the  end  flloor-beam, 
thereby  avoiding  the  necessit}'  of  connecting  a  lateral  member  at  the 
shoe,  which  is  always  a  very  troublesome  detail  to  design  })roperl3^ 

It  has  been  the  general  practice  among  bridge  shops  to  put  "draw" 
into  the  diagonals  of  double-intersection  bracing;  that  is,  the  members 
have  been  shortened  slightly,  in  order  to  ensure  that  they  shall  be  under 
tension  when  the  structure  is  completed.  The  American  Bridge  Com- 
pany's practice  is  to  use  no  draw  for  members  under  ten  (10)  feet  in 
length,  one-sLxteenth  (/{g)  of  an  inch  for  members  from  ten  (10)  feet 
to  twenty-one  (21)  feet  long,  one-eighth  (}/Q  of  an  inch  for  members 
from  twenty-one  (21)  feet  to  thirty-five  feet  (35)  in  length,  and  three- 
sixteenths  (/is)  of  an  inch  for  members  over  thirty-five  (35)  feet  long. 
This  procedure  should  be  followed  for  diagonals  which  are  in  tension 
only,  and  for  the  members  of  any  lateral  system  which  braces  compres- 
sion-chords or  columns;  but  for  other  stiff  bracing  no  draw  need  be  provided. 

The  laterals  bracing  the  loaded  chords  of  steam  railway  and  electric 
railway  bridges  are  usually  called  upon  to  transfer  traction  loads  from 
the  stringers  to  the  main  girders  or  trusses,  and  for  this  purpose  certain 
additional  members  are  required.  The  details  used  for  structures  of  va- 
rious types  are  discussed  later  in  the  chapter.  For  stresses  due  to  a  com- 
bination of  wind  and  traction  loads,  or  of  wind,  centrifugal,  and  traction 
loads,  an  increase  in  the  unit  stresses  of  thirty  (30)  per  cent  over  those 
regularly  specified  is  permissible;  but  for  combined  centrifugal  and  trac- 
tion loads  no  increase  in  the  unit  stresses  is  allowable.  In  case  there  is 
a  steel  trough  or  concrete  floor  which  can  be  depended  upon  to  transfer 
the  traction  loading  to  the  trusses  in  an  effective  manner,  no  provision 
for  it  need  be  made  in  the  lateral  system.  For  electric  railway  bridges 
a  solid  timber  floor  is  sometimes  relied  upon  to  perform  this  function, 
but  the  practice  is  not  to  be  recommended,  as  there  is  usually  no  effec- 
tive comiection  between  the  flooring  and  the  girders  or  trusses;  and  fur- 
thermore, the  timber  floor  is  likely  to  become  more  or  less  loose  and 
flexible. 

The  remainder  of  this  chapter  will  be  devoted  to  a  detailed  treatment 
of  the  laterals  and  sway  bracing  of  various  types  of  structures. 

Railway  I  Beam  Bridges 

The  only  real  functions  to  be  performed  by  the  bracing  in  these  bridges 
are  those  of  holding  the  compression-flanges  of  the  beams  in  line,  and 
making  the  structure  rigid.  The  sections  and  the  comiections  are  gener- 
ally determined  by  judgment,  as  the  lightest  details  consistent  with  good 
practice  will  suffice  to  carry  the  figured  stresses,  excepting  only  for  bridges 
on  very  sharp  curves.     However,  the  stress  in  the  end  diagonal  should 
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generally  be  figured.  For  bridges  on  tangent  the  vibration  load  should 
be  adopted,  and  for  bridges  on  curves  either  the  vibration  load  or  the 
combined  wind  and  centrifugal  load — usually  the  latter.  At  first  thought 
it  would  appear  that  a  thirty  (30)  per  cent  increase  in  unit  stresses  should 
be  allowed  for  combined  wind  and  centrifugal  loads;  but  as  the  total 
load  in  this  case  is  generally  due  more  to  the  live  load  than  to  the  wind, 
no  increase  should  be  made,  especially  since  the  vibration  load  is  not 
assumed  to  act  simultaneously  with  the  centrifugal  load.  The  specifica- 
tions of  Chapter  LXXVIII  designate  in  detail  the  bracing  that  will  be 
required  in  spans  with  various  types  of  floors,  and  in  Figs.  21t  and  21u 
are  shown  complete  details  for  two  railway  I-beam  spans  with  timber 
deck,  the  one  in  Fig.  21  w  having  two  beams  per  rail,  while  that  in  Fig. 
21t  has  one  beam  per  rail.  The  diagonals  are  attached  to  the  webs  of 
the  beams  rather  than  to  the  top  flanges,  in  order  to  avoid  interference 
with  the  ties.  When  I-beams  of  greater  depth  than  twenty-four  (24) 
inches  are  used,  the  end  sway  frames  and  the  intermediate  diaphragms 
should  be  made  of  plates  and  angles  instead  of  channels. 

Highway  I-Beam  Bridges 

The  specifications  of  Chapter  LXXVIII  cover  the  bracing  of  this  type 
of  span  completely. 

Railway  Deck-Plate  Girder  Spans 

The  bracing  for  this  type  of  structure  is  quite  simple,  consisting  usu- 
ally of  an  upper  lateral  system  of  diagonal  angles  attached  to  the  top 
flanges  of  the  girders,  a  rigid  sway  frame  at  each  end  of  the  span,  similar 
intermediate  frames  spaced  not  to  exceed  twelve  (12)  times  the  width  of 
the  top  flange,  and,  for  all  spans  seventy  (70)  feet  or  more  in  length,  a 
bottom  lateral  system  similar  to  the  upper  one.  All  members  of  this 
bracing  are  rigid  struts.  The  top  laterals  are  unnecessary  for  bridges 
having  steel  trough  floors,  as  was  previously  explained.  Most  railway 
deck  plate-girders  have  open  timber  decks,  however,  and  for  these  the 
top  lateral  systems  are  needed.  End  sway  frames  are  required  in  prac- 
tically all  cases,  as  the  ends  of  the  girders  are  rarely  concreted  solidly  into 
the  abutments;  and  intermediate  sway  frames  are  to  be  used  for  spans 
over  thirty  (30)  feet  in  length. 

The  top  lateral  system  is  to  be  designed  for  the  same  loads  as  the 
laterals  of  a  railway  I-beam  bridge.  It  consists  of  rigid  diagonal  members 
riveted  to  the  top  flange,  usually  forming  a  Warren  or  triangular  girder, 
which  may  or  may  not  have  a  cross-strut  at  each  panel-point.  For  short 
spans  single  angles  (generally  3^"  X  S}4"  or  4"  X  4")  wiU  suffice;  but 
for  longer  spans  each  member  should  consist  of  two  angles.  For  members 
of  the  latter  type  the  angles  should  have  unequal  legs,  the  longer  ones 
being  vertical  and  riveted  together.     They  may  be  separated  by  washers, 
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if  desired,  in  order  to  increase  the  radius  of  gyration  about  a  vertical 
axis.  The  sections  must  be  sufficient  for  the  stresses  which  they  take, 
the  reduced  efficiency  of  the  angles  being  duly  considered ;  and  the  length 
must  not  exceed  one  hundred  and  forty  (140)  times  the  least  radius  of 
gjTation.  In  all  cases  the  capacity  of  the  members  will  be  much  less  in 
compression  than  in  tension.  There  must  be  enough  rivets  in  each  end 
of  each  member  to  transfer  the  stresses  properlj^,  but  never  less  than  three 
(3)  rivets  for  single-angle  members  or  six  (6)  for  two-angle  members; 
and  the  connection-plates  must  be  attached  to  the  flanges  by  a  sufficient 
number  of  rivets  to  transfer  the  longitudinal  components  of  the  stresses 
in  the  diagonals  to  the  said  flanges.  When  there  are  only  two  angles  in 
the  top  flange,  it  is  advisable  to  put  a  shim  between  the  connection-plate 
and  the  flange  angles,  of  such  thickness  that  the  dapped  ties  will  clear 
the  heads  of  the  rivets  connecting  the  diagonals  to  the  plate.  In  girders 
having  a  four-angle  top  flange,  the  laterals  should  fasten  to  the  inside 
angle  of  the  low^r  pair,  thus  avoiding  any  interference  with  the  ties. 
For  girders  on  tangent  the  panel-lengths  of  the  laterals  should  be  such  that 
the  top  flange  will  be  stayed  at  points  not  exceeding  twelve  (12)  times 
its  width,  and  it  is  generally  economical  to  make  them  so  short  that  the 
gross  section  of  the  required  tension  flange  will  be  ample  for  the  com- 
pression flange.  Table  21/  gives,  for  bottom  flanges  of  the  various  usual 
t\T)es,  the  approximate  maximum  ratios  of  the  unsupported  length  of  the 
top  flange  to  its  width  satisfying  this  condition. 

From  this  table  it  is  evident  that  where  cover  plates  are  used  for  the 
flanges,  the  panels  of  the  top  lateral  system  can  be  about  thirteen  (13) 
feet  long  (and  frequently  somewhat  longer  with  little  or  no  increase  in 
the  flange  section),  so  that  the  members  are  generally  best  arranged  as  a 
simple  triangular  truss;  although  for  a  wide  spacing  of  girders  the  inser- 
tion of  a  cross-strut  at  each  panel-point  may  prove  more  economical. 
Where  no  cover  plates  are  used,  and  where  there  are  two  holes  out  of 
each  angle,  the  panel-lengths  can  be  about  twelve  (12)  feet  long,  so  that 
the  lateral  system  can  be  about  the  same  as  in  the  case  of  flanges  with 
cover  plates.  Where  no  cover  plates  are  employed  and  when  there  is 
only  one  hole  out  of  each  angle,  the  panel-lengths  should  be  rather  short, 
so  that  the  adoption  of  a  cross-strut  at  each  panel-point  of  the  bracing 
is  nearly  always  more  economical.  It  should  be  noted  that  in  any  case 
the  top  struts  of  the  intermediate  sway  frames  will  provide  such  cross- 
struts  at  everj^  second  or  third  panel-point. 

The  preceding  discussion  applies  only  to  girders  on  tangent.  For 
girders  on  curves,  it  is  specified  that  the  unsupported  length  of  top  flange 
shall  not  exceed  six  (6)  times  its  width.  This  provision  is  made  so  that 
the  horizontal  bending  on  the  flange  may  be  reduced  to  such  a  small 
amount  that  it  may  be  neglected.  Under  these  conditions  it  will  nearly 
always  be  advisable  to  adopt  the  simple  triangular  truss  with  mterme- 
diate  cross-struts  at  each  panel-point  for  the  upper  lateral  system. 
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The  bottom  lateral  system,  when  employed,  is  to  be  designed  for 
the  vibration  load.  The  panel  lengths  should  be  the  same  as  for 
the  top  laterals,  in  order  that  the  detailing  of  the  two  systems  and 
of  the  two  flanges  may  be  alike;  but  no  cross-struts  will  be  needed 
in  the  lower  system.  The  same  make-up  of  members  should  be  used, 
but  minimum  sections  and  connections  can  nearly  always  be  adopted 
throughout. 

The  end  bracing  frame  consists  of  a  top  strut,  a  bottom  strut,  and  two 
stiff  intersecting  diagonals.  It  should  be  proportioned  to  withstand  the 
effect  of  wind;  and  if  the  structure  be  on  a  curve,  for  the  effect  of  the 
centrifugal  force  as  well.  The  vibration  load  is  assumed  not  to  affect  it. 
The  top  strut  consists  of  two  angles  for  a  two-angle  top  flange,  and  of  four 
angles  in  the  form  of  an  I  with  a  vertical  line  of  lacing  for  a  four-angle 
top  flange.  For  either  type,  fillers  should  be  employed  between  the  top 
flange  angles  and  the  connection  plates,  so  that  the  heads  of  the  rivets 
in  these  plates  may  clear  the  dapped  ties.  The  bottom  strut  consists 
of  two  angles.  Each  diagonal  consists  of  either  one  or  two  angles,  as 
required  by  the  stresses.  The  intermediate  bracing  frames  are  similar  to 
the  end  frames  in  all  respects.  They  have  no  figured  stresses  to  carry, 
hence  all  members  should  be  minimum  sections.  In  Figs.  21i;  and  2lw 
are  shown  typical  details  for  bracing  frames  for  both  two-angle  and  four- 
angle  top  flanges. 

Double-track,  deck,  plate-girder  bridges  usually  consist  of  two  single- 
track  spans  side  by  side.  For  spans  over  sixty-five  (65)  feet  long  a  top 
lateral  system  should  also  be  put  between  the  two  inner  girders,  as  that 
permits  the  girder  spacing  to  be  made  six  (6)  feet  six  (6)  inches  instead 
of  one-tenth  of  the  span,  thus  saving  in  ties  and  avoiding  the  spreading 
of  tracks.  It  is  satisfactory  to  put  end  bracing  frames  between  the  inner 
girders;  but  intermediate  frames  should  not  be  used,  as  they  will  over- 
stress  the  outer  girder  when  only  one  track  is  loaded. 

In  Fig.  21y  are  given  the  complete  details  of  the  bracing  of  a  single- 
track-railway,  deck,  plate-girder  span  with  the  top  flange  made  up  of 
two  angles  and  cover  plates;  and  in  Fig.  2lw  are  shown  typical  details 
of  the  bracing  for  a  span  having  the  four-angle  type  of  top  flange. 

Railway,  Through,  Plate-Girder  Spans 

The  main  lateral  bracing  of  this  kind  of  structure  is  at  or  near  the 
piano  of  the  bottom  flanges,  and  is  supplied  by  a  rigid  system  of  diagonal 
angles,  or  by  the  floor.  When  stringers  are  used,  their  top  flanges  must 
be  securely  held  in  line.  The  top  or  compression  flange  of  the  main 
gird(!r  must  also  be  stayed  in  an  effective  manner. 

The  bottom  lateral  system  is  to  be  designed  for  the  same  loads  as  the 
laterals  of  a  railway  I-beam  span.  It  is  usually  of  double  cancellation, 
the  floor-beams  serving  as  the  struts  of  the  system.     The  diagonals  gen- 
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orally  consist  of  two  angles  with  the  vertical  legs  riveted  together.  They 
may  be  placed  back  to  back,  or  spread  by  washers  in  order  to  increase 
the  radius  of  gyration  about  a  vertical  axis.  They  should  be  riveted  to 
the  stringers  where  they  cross  them,  in  order  to  reduce  the  ratio  of  un- 
supported length  to  radius  of  gyration  about  a  horizontal  axis.  When  four 
lines  of  stringers  are  adopted,  the  diagonals  should  be  attached  to  the 
outer  stringers  only,  since  connecting  them  to  the  inner  stringers  would 
take  extra  holes  out  of  the  flanges  thereof  at  a  point  close  to  the  centre 
of  the  panel,  thus  wasting  metal  in  the  section.  For  ordinary  spans  on 
tangent  the  I  over  r  requirement,  rather  than  the  stresses,  will  usually 
determine  the  section  needed.  At  least  three  rivets  should  be  employed 
in  the  end  cormection  of  each  angle,  and  the  minimum  detail  will  usually 
suffice  to  carry  the  stresses,  unless  the  structure  be  on  a  curve.  Fig. 
21a;  shows  typical  details  for  the  bottom  lateral  system  of  an  85'  9" 
railway,  through,  plate-girder  span,  designed  for  the  Iowa  Central 
Railway. 

The  stringer  bracing  is  figured  for  the  vibration  load  for  structm^es 
on  tangent,  and  for  either  the  vibration  load  or  combined  wind  and  cen- 
trifugal loads  for  bridges  on  curves.  It  is  not  required  w^hen  a  solid  con- 
crete floor  which  grips  the  top  flanges  of  the  stringers  effectively  is  used. 
When  a  timber  deck  is  employed,  the  bracing  is  needed.  In  general, 
it  ^vill  be  of  the  same  type  as  that  used  for  I-beam  spans,  as  there  will 
usually  be  four  lines  of  I-beam  stringers  per  track.  Where  the  panels 
are  longer  and  two  lines  of  built  stringers  are  employed,  the  bracing  should 
be  of  the  type  later  described  for  through  truss  spans.  When  the  panel 
lengths  are  very  short,  not  exceeding  twenty-four  times  the  flange  wddth, 
a  single  bracing-point  at  mid-panel  will  suffice  for  I-beams.  In  this  case 
there  should  be  used  diaphragms  between  the  webs  of  each  pair  of  stringers 
under  one  rail,  attached  to  the  centre  lateral  connection  plate.  Fig. 
21x  shows  a  detail  of  this  type  of  construction. 

The  bracing  of  the  top  flange  of  a  through  girder  is  none  too  satis- 
factory, and  it  should  be  made  as  efficient  as  possible.  Where  floor-beams 
are  used,  the  webs  thereof  should  be  cut  near  the  ends,  and  full-depth 
bracket-plates  spliced  in,  riveting  to  full  depth-stiffeners  on  the  girders. 
These  bracket  plates  should  be  as  wide  as  the  clearance  will  permit. 
Where  a  steel  trough-floor  is  adopted,  similar  brackets  riveted  to  the 
troughs  are  required.  These  should  be  as  deep  and  stiff  as  practicable. 
Should  the  deck  consist  of  long  ties  resting  directly  on  the  bottom  flanges 
or  on  shelf  angles  riveted  to  the  girders  (which  type  is  forbidden  by  the 
specifications  of  Chapter  LXXVIII),  the  brackets  should  be  riveted  to 
efficient  cross-struts.  In  nearly  all  cases,  it  will  be  economical  to  make 
the  spacing  of  these  brackets  so  small  that  the  gross  section  of  the  ten- 
sion flange  will  suffice  for  the  compression  flange.  Fig.  21a:  shows  the 
tletails  of  a  floor-beam  for  a  through,  plate-girder  span,  with  end  brackets 
as  before  described. 
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Highway  and  Electric-Railway,  Deck,  Plate-Girder  Spans 
WITHOUT  Floor-Beams  and  Stringers 

This  type  of  structure  is  rarely  found,  except  for  bridges  carrying 
electric-railway  traffic  only.  In  this  case  in  all  respects  the  bracing  will 
be  similar  to  that  employed  in  railway  spans;  but  it  can  usually  be  made 
much  lighter.  For  verj^  light  highway  structures,  the  diagonals  of  the 
laterals  and  bracing  frames  may  be  made  of  adjustable  rods.  The  lateral 
system  will  be  designed  for  the  wind  loads;  and  where  the  structure 
carries  an  electric-railway  track  on  a  curve,  it  must  be  figured  for  the 
centrifugal  load  also. 

Highway  and  Electric-Railway,  Deck,  Plate-Girder  Spans 
WITH  Floor-Beams  and  Stringers 

These  structures  will  vary  greatly  in  type,  and  the  laterals  required 
will  vary  also.  The  main  lateral  bracing  will  generally  consist  of  a  double 
intersection  system  of  rigid  diagonals  between  the  main  girders,  placed 
just  below  the  stringers,  or,  preferably,  at  the  elevation  of  the  bottom  of 
the  floor-beams.  It  will  generally  be  found  advisable  to  support  these 
diagonals,  at  or  near  the  centre  of  each  panel,  from  the  stringers  above 
them.  When  there  is  no  stringer  along  the  centre  line,  a  good  support 
can  be  made  by  running  a  transverse  channel  between  the  two  inner 
stringers  at  the  centre  of  the  panel,  and  suspending  the  centre  lateral 
connection  plate  therefrom  by  a  vertical  hanger  angle.  For  light  struc- 
tures, adjustable  rods  or  tension  angles  may  be  used  for  the  diagonals. 

When  a  cantilever  beam  projects  from  the  main  girder,  as  is  custom- 
ary when  the  width  of  roadway  is  considerable,  it  will  generally  be  nec- 
essary to  brace  the  bottom  flange  of  the  said  cantilever  so  that  the  un- 
supported length  thereof  shall  not  exceed  twelve  (12)  times  the  width,  or 
so  as  to  avoid  the  use  of  an  excessive  section  for  the  said  flange.  This 
is  generally  done  by  bracing  it  to  one  of  the  stringers  by  means  of  a  bracket- 
plate  riveted  to  the  said  stringer  and  to  a  stiffener  on  the  cantilever. 
Both  the  stiffener  and  the  bracket  plate  must  extend  down  to  the  bottom 
of  the  cantilever  beam.  The  stringer  is  held  in  position  longitudinall}'' 
by  two  rigid  diagonal  struts  extending  from  the  centre  of  the  stringer 
to  the  points  where  the  cantilevers  rivet  to  the  longitudinal  girders.  These 
struts  should  usually  be  attached  to  a  connecting  angle  riveted  to  the 
web  of  the  stringer,  and  should  lie  in  a  horizontal  plane,  riveting  at  the 
other  ends  to  plates  which  are  fastened  by  hitch  angles  to  the  cantilevers 
and  to  the  main  girders.  Usually  these  diagonals  are  required  in  one 
panel  por  span  only;  but  the  bracket-plates  must  be  employed  at  every 
cantilever.  Where  there  is  a  reinforced  concrete  slab  resting  on  the  top 
flanges  of  the  stringers  and  main  girders,  the  diagonal  braces  above  de- 
scribed can  usually  be  omitted.  Where  a  solid  timber  deck  is  employed, 
however,  it  is  not  advisable  to  leave  them  out. 
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Diagonal  bracing  aliens  tho  top  flanges  of  stringers  can  ordinarily  be 
omit  toil  wlien  solid  floors,  either  of  wood  or  concrete,  are  used.  Where 
an  open  timber  deck  is  employed  for  street-railway  tracks,  such  bracing 
will  b(^  needed.  It  should  be  similar  to  the  top  lateral  system  in  railway 
plate-girtlers  of  short  span. 

When  deck  girders  rest  on  masonry,  there  will  generally  be  required 
some  kind  of  sway  bracing  at  each  end,  as  the  bottom  of  the  end  cross- 
girder,  if  there  be  one,  is  almost  always  some  distance  above  the  bottom 
of  the  main  girder.  This  can  usually  be  provided  by  putting  a  solid- 
web  bracket  under  each  end  of  the  end  floor-beam,  riveted  thereto  and 
to  the  end  stiffeners  of  the  girder.  In  long-span  girders  it  is  generally 
best  to  brace  the  bottom  flanges  at  each  intermediate  cross-girder  as 
well.  Diagonal  angles,  riveted  to  the  bottom  flange  of  the  floor-beam 
and  to  stiffeners  on  the  girder,  will  suffice  for  this  latter  purpose. 

Occasionally  there  will  be  no  end  floor-beam  at  one  end  of  a  girder 
span  resting  directly  on  the  masonry,  the  stringers  being  carried  by  the 
end  floor-beam  of  the  adjacent  span.  In  this  case  an  eflficient  open-webbed 
bracing-frame  between  the  two  girders  of  the  span  should  be  used,  carried 
up  as  high  as  the  stringers  will  permit. 

Generally  no  provision  for  traction  forces  will  be  required  in  the  lat- 
eral system  when  solid  floors  are  employed.  Where  an  open  timber  deck 
is  used  for  an  electric-railway  track,  thrust  frames  to  transfer  the  traction 
loads  to  the  main  girders  or  columns  should  be  provided.  They  should 
consist  of  horizontal  trusses,  usually  placed  at  the  plane  of  the  bottom 
flanges  of  the  stringers,  with  a  floor-beam  forming  one  chord  of  the  truss. 

The  details  of  the  bracing  of  steel  columns  and  towers  will  be  taken 
up  in  Chapter  XXIII  under  the  discussion  of  trestles  and  approaches. 

Highway  and  Electric-Railway,  Through,  Plate-Girder  Spans 

The  bracing  of  spans  of  this  type  will  follow  in  all  essential  respects 
that  for  railway  through  spans,  except  that  the  sections  may  be  lighter, 
the  use  of  tension  angles  or  adjustable  rods  for  the  diagonals  of  the  lat- 
eral system  being  permissible  in  very  light  structures.  Under  no  circum- 
stances, however,  should  the  top  flanges  of  the  main  girders  be  inefficiently 
braced. 

Railway,  Through,  Truss  Spans 

The  lateral  bracing  of  this  type  of  structure  usually  consists  of  the 
following : 

1.  The  stringer  bracing. 

2.  The  bottom  lateral  system. 

3.  The  top  lateral  system. 

4.  The  intermediate  vertical  sway-bracing. 

5.  The  portal  bracing. 

The  stringer  bracing,  when  only  two  stringers  per  track  are  employed, 
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consists  of  a  system  of  diagonal  angles  riveted  to  the  top  flanges  of  the 
stringers,  with  a  bracing  frame  at  mid-panel  between  stringers  of  the 
same  track  when  the  length  exceeds  thirty  (30)  feet.  In  case  the  stringers 
rest  in  expansion  pockets,  there  should  be  a  cross-frame  near  the  ends 
between  the  stringers  of  the  same  track.  The  proportioning  will  follow 
in  every  respect  that  for  the  top  lateral  system  and  the  sway  frames  of 
deck  plate-girder  spans.  The  bracing  will  generally  be  arranged  as  a  tri- 
angular truss  with  intermediate  cross-struts,  as  it  will  usually  be  neces- 
sary to  brace  the  top  flanges  about  every  six  or  seven  feet.  When  two 
holes  are  taken  out  of  each  angle  of  the  tension  flange,  the  flanges  will 
need  stiffening  about  every  twelve  feet  (for  6"  outstanding  legs);  and 
in  this  case,  for  structures  on  tangent,  the  intermediate  cioss-struts  can 
be  omitted.     In  Fig.  22///  will  be  found  details  of  stringer  bracing. 

When  four  I-beam  stringers  per  track  are  adopted,  the  bracing  should 
be  similar  to  that  used  for  I-beam  spans.  If  very  short  panels  are  em- 
ployed, the  details  given  for  through-girder  spans  are  generally  satis- 
factory. When  four  built  stringers  per  track  are  used,  and  a  point  of 
transverse  support  for  the  top  flange  at  the  centre  of  the  panel  only  is 
sufficient,  the  detail  shown  in  Fig.  21a;  is  best.  When  several  points  of 
support  are  needed,  a  single  intersection  system  of  single  diagonal 
angles  should  be  used  between  the  top  flanges  of  the  two  inner  stringers, 
and  a  transverse  strut  running  over  to  the  outer  stringer  should  be  em- 
ployed at  each  panel-point  of  the  bracing. 

The  bottom  lateral  system  is  in  the  plane  of  the  bottom  chords.  For 
bridges  on  tangent,  it  must  be  figured  to  carry  either  the  vibration  load 
or  the  wind  load.  For  bridges  on  curves,  it  must  care  for  either  the  vi- 
bration load  or  the  combined  wind  and  centrifugal  loads.  The  diagonals 
will  also  have  to  be  figured  for  the  traction  load,  as  explained  later.  The 
bracing  system  is  nearly  always  of  double  cancellation,  with  the  floor-beams 
forming  the  struts.  Usually  each  diagonal  extends  over  one  panel  of  the 
truss;  but  when  the  panel-length  is  much  less  than  the  distance  between 
the  centres  of  trusses,  a  decided  economy  can  be  effected  by  making  each 
diagonal  extend  over  two  panels.  The  same  result  is  sometimes  obtained 
by  employing  the  K-type  of  trussing.  For  ordinary  spans  the  diagonals 
usually  consist  of  two  angles  with  the  vertical  legs  upstanding  and  riveted 
together;  and  they  are  generally  placed  in  the  plane  of  the  bottom  of  the 
floor-beams,  with  the  connection  plates  riveted  thereto.  In  riveted  trusses 
with  bottom  chords  consisting  of  two  channels,  the  connection  plates 
rivet  to  the  bottom  surface  of  the  said  chords.  In  riveted  trusses  with 
four-angle  bottom  chords,  the  centre  line  of  the  chord  is  usually  at  the 
bottom  of  the  floor-beam,  and  the  lateral  connection  plate  fastens  to  the 
chord  by  connection  angles.  In  pin-connected  trusses  with  eye-bar  bot- 
tom chords,  the  vertical  posts  are  extended  down  to  the  bottom  of  the 
floor-beams,  and  the  lateral  connection  plates  are  riveted  thereto  by 
means  of  connection  angles.     In  riveted  trusses  with  bottom  chords  con- 
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sisting  of  two  channels — either  rolled  or  built — and  in  all  pin-connected 
trusses  of  short  span  the  longitudinal  component  of  the  stress  from  the 
laterals  is  applied  below  the  centre  of  the  chord.  In  riveted  truss  bridges, 
the  moment  caused  b}'  this  eccentricity  is  divided  among  all  the  truss 
members  at  the  point;  while  in  pin-connected  truss  bridges  the  post 
alone  takes  this  bending.  These  bending  effects  should  always  be  prop- 
erly considered.  In  large  bridges,  it  is  generally  advisable  to  avoid  them 
by  employing  bottom  lateral  diagonals  of  four  angles  in  the  form  of  an 
I  ^\^th  a  vertical  line  of  lacing.  For  riveted  trusses,  the  diagonals  should 
be  made  as  deep  as  the  chords.  The  bottom  connection  is  as  before, 
while  the  top  connection  plate  rivets  to  connection  angles  on  the  floor- 
beam  web  and  on  the  chord  gusset  plate.  For  pin-connected  trusses,  the 
diagonals  should,  preferably,  be  deep  enough  to  bring  the  centre  lines 
of  the  said  diagonals  and  of  the  chords  into  the  same  plane.  The  bottom 
comiection  is  similar  to  that  used  for  the  two-angle  section.  The  top 
connection  plate  is  attached  by  connection  angles  to  the  floor-beam  web 
and  to  the  post. 

The  rivets  in  the  connections  of  the  laterals  must  be  able  to  develop 
the  section  thereof.  The  rivets  fastening  any  lateral  connection  plate 
to  the  truss  must  be  able  to  transfer  thereto  the  longitudinal  component 
of  the  stresses  in  the  lateral  diagonal  or  diagonals  which  it  connects,  and 
those  connecting  the  said  plate  to  the  floor-beam  must  be  able  to  care  for 
the  transverse  components  of  the  diagonal  stresses. 

The  connection  plate  on  the  end  floor-beam  will  be  found  very  trouble- 
some to  design,  owing  to  the  reduction  in  its  strength  caused  by  cutting 
out  a  portion  to  clear  the  shoe.  For  a  double-track  bridge  it  will  be  fre- 
quently possible  to  employ  the  detail  used  by  Boiler  and  Hodge  on  the 
Municipal  Bridge  at  St.  Louis,  in  which  for  the  end  panel  the  diagonals 
were  made  to  intersect  at  the  centre  of  the  end  floor-beam,  as  has  been 
previously  mentioned.  This  detail  could  not  be  used  for  a  single-track 
structure  unless  the  panels  were  very  short,  as  the  angle  between  the  diag- 
onals and  the  chords  would  be  too  small. 

It  is  desirable  that  the  members  of  the  bottom  lateral  system  inter- 
sect on  the  centre  line  of  truss,  especially  as  this  result  can  usually  be 
accomplished  with  little  waste  in  the  connection  plates.  For  riveted 
trusses  with  laced  bottom  chords,  in  which  the  stresses  from  lateral  load- 
ing are  only  a  small  proportion  of  the  total,  an  eccentric  connection  will 
usually  do  no  harm;  but  its  effect  should  generally  be  figured,  as  explained 
previously. 

The  bottom  laterals  in  most  cases  should  be  connected  to  every  stringer 
they  cross.  With  four-angle  laterals  the  bottom  of  the  stringers  should 
be  at  the  same  elevation  as  the  top  of  the  laterals,  so  that  the  top  angles 
of  the  latter  can  rivet  directly  to  the  bottom  flanges  of  the  former;  but 
with  the  two-angle  type  of  lateral  the  use  of  clip  angles  will  be  necessary. 
Fig.  22f//  illustrates  a-  detail  of  this  type.     It  was  previously  mentioned 
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that  the  laterals  should  be  utilized  to  care  for  traction  stresses.  In  single 
track  bridges  with  two  Unes  of  stringers  all  that  is  necessary  is  a  trans- 
verse strut  at  each  point  where  the  laterals  cross  the  stringers,  which 
strut  with  the  lateral  diagonals  and  the  floor-beam  forms  a  complete  truss 
for  transferring  the  traction  loads  from  the  two  stringers  to  the  trusses. 
For  single-track  bridges  with  four  lines  of  stringers,  the  lateral  diagonals 
should  be  riveted  to  the  two  outer  lines  only,  for  the  reason  given  when 
discussing  railway  through-plate-girder  spans.  The  transverse  strut  is 
to  be  used  in  the  same  manner  as  for  spans  with  two  lines  of  stringers. 
In  multiple-track  bridges  with  two  hnes  of  stringers  per  track  (as  is  nearly 
always  the  case),  the  diagonals  should  be  riveted  to  the  stringers  at  every 
intersection.  The  traction  loads  should  be  cared  for  by  placing  one  thrust 
frame  in  each  panel.  Each  thrust  frame  is  best  made  by  placing  a  trans- 
verse strut  between  the  points  where  the  lateral  diagonals  intersect  the 
inner  stringers,  and  then  running  diagonal  struts  between  the  points  where 
the  lateral  diagonals  intersect  the  outer  stringers  and  the  points  where 
the  inner  stringers  intersect  the  cross  girder,  and  also  between  the  inner 
stringers.  There  is  thus  formed  a  complete  truss  having  the  floor-beam 
and  the  transverse  strut  for  the  chords,  the  lateral  diagonals  for  the  end 
posts,  and  the  stringers  and  the  diagonal  struts  for  the  web  members. 
The  members  of  this  truss  should  be  figured  for  the  specified  traction  load, 
acting  on  one  track  in  either  direction,  or  on  both  tracks  simultaneously, 
in  either  the  same  or  opposite  directions.  Where  double-plane  bottom 
laterals  are  employed,  the  thrust  frame  should  be  single  plane,  and  only 
the  upper  pair  of  angles  in  the  laterals  should  then  be  reUed  upon  for, 
traction  effects. 

Another  feature  of  the  action  of  the  thrust  angles  or  thrust  frames 
should  be  noted.  When  the  bottom  chord  elongates,  the  stringers  tend 
to  remain  of  constant  length,  and  hence  they  put  very  severe  bending 
stresses  in  the  floor-beams.  These  are  relieved  to  some  extent  by  the  use 
of  wide-legged  connection  angles  for  the  stringers,  but  the  effect  is  still 
large.  The  thrust  angles  in  every  panel  tend  to  cause  the  stringers  to 
move  with  the  chords,  and,  therefore,  relieve  the  floor-beams  decidedly. 

In  case  a  bridge  has  a  trough  floor  system  carried  by  the  bottom 
chords,  all  bottom  laterals  and  traction  frames  are,  of  course,  omitted. 

The  top  lateral  system  is  in  the  plane  of  the  top  chord.  It  should  be 
proportioned  to  carry  either  the  vibration  load  or  the  wind  load.  It 
usually  consists  of  a  double  intersection  system  of  rigid  diagonals,  with 
a  cross  strut  at  each  panel  point  of  the  truss,  which  strut  generally  acts 
also  as  the  top  strut  of  the  sway  frame  or  portal.  Usually  the  diagonals 
extend  over  one  panel  only;  but  where  the  panel  length  is  much  less  than 
the  distance  from  centre  to  centre  of  trusses,  a  considerable  economy  can 
be  effected  by  making  each  one  extend  over  two  panels.  The  same  effect 
can  also  be  obtained  by  using  the  K-system  of  trussing.  All  members 
of  the  bracing  should  be  of  the  same  depth  as  the  top  chord,  so  as  to 


LATERALS   AND   SWAY   BRACING  401 

^np  both  faces  of  tlie  latter  effectively.  The  diagonals  usually  consist 
of  four  angles  in  the  form  of  an  I,  with  a  single  line  of  lacing.  Unequal- 
logged  angles,  with  the  longer  leg  outstanding,  are  generally  to  be  em- 
ployed. It  will  be  found  that  for  all  ordinary  spans,  four  angles  33^"  X 
3"  X  ^"  can  be  used  for  these  struts.  Fqr  short  members,  two  such 
angles  with  a  vertical  line  of  lacing  will  frequently  suffice. 

The  top  lateral  diagonals  arc  often  made  to  intersect  on  the  outer 
gauge  line  of  the  cover  plate  in  order  to  keep  down  the  sizes  of  the  con- 
nection plates.  Since*  the  lateral  forces  are  comparatively  small,  this  will 
do  no  harm  in  bridges  of  ordinary  span,  as  the  top  chords  are  always 
effectively  laced.  For  long  span  bridges,  the  effect  of  the  eccentricity 
thus  involved  should  be  considered  and  either  provided  for  by  using 
extra  metal  in  the  section,  when  necessary,  or  else  avoided  by  adopting 
a  truly  centric  intersection  of  axes. 

The  connections  of  the  diagonals  are  usually  to  be  proportioned  for 
the  development  of  the  capacities  of  the  members,  rather  than  for  the 
figured  stresses.  The  connections  of  the  plates  to  the  trusses  and  to  the 
transverse  struts  will  generally  be  a  question  of  proper  detailing — not  one 
of  required  strength.  The  longitudinal  and  transverse  components  of  the 
stresses  in  the  diagonals  which  connect  to  each  plate  must,  of  course,  be 
properlj^  taken  care  of. 

The  specifications  of  Chapter  LXXVIII  give  the  requirements  which 
the  lacing  and  the  tie  plates  must  meet.  Usually  the  lacing  is  of  the 
single-intersection  type;  but  in  deep  members  double-intersection  bar 
lacing  or  latticing,  or  even  angle  lacing,  is  sometimes  necessary. 

Vertical  sway  bracing  is  usually  placed  at  every  main  panel  point  of 
the  top  chord  except  at  the  end  ones,  where  the  portal  braces  are  located. 
It  is  provided  primarily  to  stiffen  the  structure,  and  is  usually  made 
throughout  of  the  minimum  members  which  will  meet  the  I  over  r  require- 
ments. Sometimes  it  is  figured  to  transfer  to  the  bottom  laterals  half 
of  a  top  chord  panel  wind  load.  Sway  frames  increase  the  bending  in 
posts  from  floor-beam  deflection,  and  their  omission  on  this  basis  has 
sometimes  been  proposed;  but  the  author  does  not  consider  this  advisable. 

The  vertical  sway  bracing  is  ordinarily  of  the  single  plane  type  for 
single-track  bridges.  The  type  outlined  in  Fig.  20a  is  generally  used 
with  straight  top  chords,  and  that  in  Fig.  206  with  polygonal  top  chords. 
The  top  strut  is  of  the  same  form  as  that  adopted  for  the  upper  lateral  di- 
agonals; and  in  most  cases  it  can  be  made  of  the  same  section.  The  other 
members  are  often  of  two  angles  each.  There  should  always  be  either  a 
vertical  diaphragm  or  a  pair  of  batten  plates  on  the  post  at  the  point 
where  either  the  bottom  strut  of  the  bracing  frame  or  the  corner  bracket 
connects  to  it.  The  weak  point  of  this  sway  bracing  is  this  connection, 
as  the  transverse  loads  are  delivered  to  the  comparatively  thin  webs  of 
the  posts,  rather  than  directly  to  the  lines  of  lacing.  It  is  possible  to 
put  in  transverse  diaphragms  with  horizontal  webs  connecting  to  tie 
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plates  so  as  to  strengthen  this  point;   but  for  ordinary  spans  it  is  unnec- 
essary to  do  so. 

For  double-track  bridges,  and  for  very  long  and  heavy  single-track 
bridges,  the  use  of  the  double-plane  sway  bracing  is  best.     A  type  similar 


Fig.  20a.  Outline  of  Sway  Bracing 
Frame  for  Through  Bridges  with  Paral- 
lel Chords. 


Fig.  206.  Outline  of  Sway  Bracing  Frame 
for  Through  Bridges  with  Polygonal 
Top  Chords. 


to  that  outlined  in  Fig.  20a  is  generally  employed  for  bridges  with  straight 
top  chords,  and  one  similar  to  that  in  Fig.  206  for  bridges  with  polygonal 
top  chords.  The  top  strut  is  either  a  box-strut  with  an  angle  at  each 
corner  and  lacing  on  all  four  sides,  or  else  an  I-strut  as  in  the  single  plane 


I 


Fig.  20c.  Fig.  20d. 

Arrangements  of  Top  Struts  of  Portals. 

type  of  sway  bracing.  In  this  case  the  strut  should  usually  be  supported 
laterally  at  mid-length  from  the  centre  connection  plate  of  the  lateral 
diagonals,  as  the  saving  in  the  section  of  the  strut  will  ordinarily  give 
more  than  sufficient  metal  to  build  the  supporting  strut.  The  other 
members  of  the  sway  frame  consist  of  two  or  four  angles  with  a  horizontal 
line  of  lacing.  The  connection  plates  to  the  posts  should  extend  across 
the  faces  thereof  as  tie-plates.  This  connection  to  the  posts  has  none 
of  the  weakness  of  that  of  the  single-plane  tj'pe  of  sway  bracing. 

The  portals  are  practically  always  placed  in  the  plane  of  the  end  posts. 
They  should  invariably  be  of  double-plane,  thus  gripping  both  faces  of 
the  end  posts  very  effectively.  The  portal  is  proportioned  to  resist  the 
effects  of  the  wind  pressure.  It  is  generally  assumed  that  the  entire  wind 
load  on  the  top  chord  is  carried  to  the  portals,  and  then  transferred  down 
through  these  and  the  end-posts  to  the  shoes.  The  assumption  is  usu- 
ally made  that  the  end  posts  are  fixed  in  direction  at  the  pin,  and  are 
held  in  line  at  the  top  and  at  the  bottom  struts  of  the  portal  bracing, 
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thus  putting  a  point  of  contra-flexure  between  the  pin  and  the  bottom 
portal  strut.  The  position  of  this  point  can  be  taken  from  the  upper 
curve  of  Fig.  IGf/.  It  will  be  noticed  that  it  is  always  a  little  over  half- 
way up  from  the  pin.  After  the  point  of  contra-flexure  is  known,  the 
stresses  in  the  end  posts  and  portals  can  be  determined  by  the  principles 
of  statics,  as  cx{)lained  in  various  standard  works  on  bridges — notably  in 
"Modern  Framed  Structures,"  Parts  I  and  II. 

The  top  strut  of  the  portal  is  best  made  of  the  form  shown  in  Fig.  22eee. 
A  fairly  efficient  top  strut  can  be  made  of  a  four-angle  I-strut  with  a  single 
line  of  lacing,  the  strut  being  placed  on  the  bevel  between  the  two  mem- 
bers, as  shown  in  Fig.  20c,  or  on  the  end  post  as  shown  in  Fig.  20d.  The 
other  members  are  generally  four-angle  I-struts,  although  two-angle  chan- 
nel-struts are  occasionally  employed.  In  proportioning  the  connections, 
it  will  be  found  that  many  of  them  are  governed  by  the  requirements 
of  good  detailing  rather  than  those  of  stresses.  Care  should  be  taken 
to  ensure  that  all  components  of  the  stresses  in  the  various  members  are 
duly  provided  for. 

In  skew  bridges,  the  detailing  of  the  portal  is  an  especially  difficult 
matter;  and  particular  attention  is  necessary  in  order  to  make  the  con- 
nections to  the  end-posts  even  reasonably  efficient.  An  article  in  the 
Engineering  News  of  February  11,  1909,  page  152,  and  one  in  the  Engi- 
neering Record  of  February  17,  1912,  page  196,  show  methods  to  be  followed 
in  drawing  the  details  of  skew  portals. 

Railway,  Deck,  Truss  Spans 

There  are  two  principal  types  of  these  structures.  In  one,  there  is  no 
steel  floor-system,  the  ties  resting  directly  on  the  top  chords.  This  type 
is  used  for  short  spans  only.  For  long  spans,  stringers  and  floor-beams 
are  required. 

In  both  of  these  types  of  structure,  the  following  lateral  bracing  is 
needed : 

1.  The  top  lateral  bracing. 

2.  The  bottom  lateral  bracing. 

3.  The  intermediate  sway  frames. 

4.  The  end  sway  frames. 

When  stringers  and  floor-beams  are  used,  there  is  also  required: 

5.  Stringer  bracing. 

The  bracing  for  the  first  mentioned  kind  of  structure  will  first  be 
discussed. 

The  top  laterals  can  be  of  either  single  or  double  cancellation,  the 
former  usually  being  the  more  economical.  In  this  case  there  will  gen- 
erally be  tw^o  lateral  panels  per  truss  panel.  There  will  be  a  cross-strut 
at  each  panel  point,  furnished  by  the  top  strut  of  the  sway  frame.  This 
upper  lateral  system  is  proportioned  for  the  same  loads  as  the  bottom 
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lateral  system  of  a  through  span.  The  diagonals  usually  consist  of  four 
angles  in  the  form  of  an  I,  with  a  vertical  line  of  lacing.  This  lacing 
is  generally  of  angles,  as  the  top  chords  are  very  deep  in  trusses  of  this 
type.  It  is  ordinarily  a  simple  matter  to  make  the  diagonals  intersect 
on  the  centre  line  of  the  truss,  and  this  rule  should  generally  be  followed, 
if  practicable;  but  intersectiong  them  near  the  edge  of  the  chord  is  not 
very  objectionable.  The  connection  of  each  lateral  plate  to  the  chord 
must  be  sufficiently  strong  to  care  for  the  longitudinal  components  of  the 
two  diagonals  meeting  upon  it. 

The  bottom  lateral  system  of  a  deck-bridge  is  not  very  important. 
It  should  usually  be  made  of  the  same  type  and  panel  lengths  as  the 
top  lateral  system,  with  minimum  sections  and  connections  throughout. 
It  should  be  proportioned  for  the  same  loads  as  the  top  lateral  system 
of  a  through  span.  The  members  should  be  of  the  same  depth  as  the 
bottom  chord;  and  as  this  member  is  generally  shallow,  bar  lacing  will 
ordinarily  suffice. 

Intermediate  sway  frames  are  used  at  every  panel  point.  In  order 
to  ensure  that  an  effective  frame  will  be  adopted,  it  is  specified  in  Chapter 
LXXVIII  that  it  shall  be  strong  enough  to  transfer  one-half  of  the  live 
load  concentration  on  one  truss  over  to  the  other  truss.  The  top  strut 
should  be  as  deep  as  the  top  chord,  and  it  is  generally  made  of  the  same 
form  as  the  top  lateral  diagonals.  The  bottom  strut  should  be  of  the 
same  depth  as  the  bottom  chord,  being  usually  of  the  same  make-up  as 
the  lower  lateral  diagonals.  The  diagonals  of  the  sway  frames  are  of 
double  cancellation,  each  member  being  composed  of  two  unequal-legged 
angles  with  the  short  legs  vertical  and  riveted  together.  Care  must  be 
taken  to  see  that  the  vertical  component  of  the  stress  in  each  diagonal 
is  properly  transferred  to  the  truss,  and  the  horizontal  component  thereof 
to  the  lateral  connection  plate. 

The  end  sway-frame  must  be  proportioned  to  withstand  the  entire 
transverse  loading  carried  to  one  end  of  the  truss  due  to  the  wind  load 
if  the  structure  is  on  a  tangent,  or  to  the  combined  wind  and  centrifugal 
loads  if  it  is  on  a  curve.  The  top  and  bottom  struts  are  generally  of  the 
same  section  as  those  of  the  intermediate  frames.  It  is  preferable  that 
the  diagonals  be  double-plane  and  of  the  same  width  as  the  end  posts  of 
the  truss,  in  order  to  grip  their  faces  more  effectively.  The  diagonals 
should  consist  of  I-struts  of  four  angles  with  a  single  line  of  lacing.  The 
horizontal  load  at  the  top  is  delivered  to  the  diagonals  by  the  upper  lat- 
erals and  the  top  strut,  and  is  transferred  at  the  bottom  to  the  end  post, 
or,  preferably,  directly  to  the  shoes.  The  vertical  component  of  the 
diagonal  in  each  case  is  delivered  to  the  end  post.  Enough  rivets  must 
be  provitled  to  care  for  these  stresses. 

A  bridge  of  this  kind  might  occasionally  be  built  with  a  steel  trough 
floor.  In  that  case  all  top  laterals  would  be  omitted,  but  efficient  con- 
nections for  the  upper  ends  of  the  sway  bracing  diagonals  would  have  to 
be  provided. 
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The  lateral  bracing  of  deck  spans  having  floor-beams  and  stringers 
will  next  be  discussed. 

The  top  laterals  are  usually  of  doulile  cancellation,  each  diagonal  ex- 
tending over  one  truss  panel,  with  the  floor  beams  serving  as  the  struts. 
This  lateral  system  is  proportioned  for  the  same  loads  as  the  bottom 
lateral  system  of  a  through  span.  As  a  general  rule,  in  spans  of  this  type, 
the  tops  of  the  floor-beams  lie  just  below  the  bottom  of  the  top  chord, 
and  the  tops  of  the  stringers  are  a  little  below  the  tops  of  the  floor-beams. 
The  lateral  connection  plates  are  placed  between  the  bottom  of  the  top 
chord  and  the  top  of  the  floor-beam.  The  best  arrangement,  so  far  as  the 
laterals  are  concerned,  is  to  make  each  diagonal  of  two  unequal-legged 
angles  with  the  long  legs  upstanding  and  riveted  together.  These  angles 
continue  across  and  rivet  to  the  top  of  each  stringer,  the  use  of  thick 
filler  plates  between  the  stringers  and  laterals  being  necessary.  This  style 
of  laterals  requires  the  use  of  longitudinal  wooden  shims  on  top  of  the 
stringers,  so  that  the  ties  may  clear  the  laterals.  If  this  detail  be  con- 
sidered objectionable,  the  vertical  legs  of  the  diagonals  can  be  turned 
down,  and  the  angles  cut  where  they  cross  each  stringer  and  spliced  by 
comiection  plates  which  rivet  to  the  stringer  flanges.  This  arrangement 
cuts  each  lateral  up  into  several  short  pieces  and  is,  therefore,  not  as  good 
as  the  type  first  described. 

The  stringer  bracing  is  usually  supplied  by  adding  a  few  short  mem- 
bers to  the  top  lateral  system.  In  single  track  bridges  with  two  lines  of 
stringers  (which  is  the  type  nearly  always  employed),  it  is  generally 
sufficient  to  place  transverse  struts  between  the  stringers  at  the  points 
where  the  diagonals  intersect  them,  and  a  diagonal  running  from  one 
end  of  each  of  these  struts  to  the  point  where  the  other  line  of  stringers 
meets  the  floor-beams.  If  the  unsupported  length  of  the  centre  portion 
of  the  top  flange  is  too  great,  it  will  be  necessary  to  run  a  transverse  strut 
from  the  central  lateral  connection  plate  over  to  each  stringer.  In  stringers 
Gver  thirtj^  feet  long,  a  cross-frame  at  mid-panel  should  be  used,  and  this 
will  supply  the  centre  transverse  strut.  In  single-track  bridges  with  four 
lines  of  stringers,  the  transverse  struts  should  be  placed  at  the  points  where 
the  laterals  intersect  the  outer  stringers;  and  in  this  case  the  centre  trans- 
verse strut  will  nearly  always  be  required.  If  the  unsupported  length  of 
the  end  portion  of  the  top  flange  of  the  stringer  be  too  long,  it  can  be 
braced  by  using,  instead  of  the  single  diagonal  above  mentioned,  two 
panels  of  single  intersection  bracing  of  the  Warren  or  triangular  type 
with  a  cross  strut  at  its  mid-point  riveting  to  all  of  the  stringers.  In 
double-track  bridges,  it  will  be  necessary  to  add  a  sufficient  number  of 
diagonals  and  transverse  struts  to  brace  the  top  flanges  properly.  The 
laterals  should  be  utilized  for  this  bracing  as  far  as  possible.  In  case 
stringers  rest  in  expansion  joints,  there  should  be  an  end  sway  frame 
betv/een  the  stringers  of  each  track. 

The  top  laterals  must  also  care  for  traction  loads.  In  singie-track 
bridges  the  members  already  specified  for  stringer  bracing  will  serve  to 
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carry  traction  loads  as  well.  In  double-track  bridges  the  stringer  bracing 
can  be  arranged  in  such  a  manner  that  the  addition  of  two  small  members 
per  panel  will  provide  for  the  traction  loads. 

The  bottom  laterals  are  of  small  importance.  They  usually  consist 
of  a  double  intersection  system  of  diagonals,  the  bottom  struts  of  the 
sway  frames  forming  the  cross-struts  of  the  system.  The  diagonals  gen- 
erallj'  consist  of  four-angle  I-struts  with  a  vertical  line  of  bar  lacing,  and 
are  of  the  same  depth  as  the  bottom  chord. 

The  sway  frames  are  about  the  same  as  for  the  other  type  of  deck 
s])an,  except  that  the  top  strut  is  replaced  by  a  floor-beam.  It  is  fre- 
quently best,  however,  to  make  the  diagonals  of  the  intermediate  sway 
frames  the  same  as  those  described  for  the  end  sway  frames  on  account 
of  the  long  members  involved.  They  are  proportioned  for  the  same 
loads  as  those  for  the  other  kind  of  span. 

Highway  and  Electric-Railway,  Through,  Truss  Spans 

The  laterals  for  these  spans  will  not  vary  essentially  from  those  used 
for  railway  spans  except  in  light  structures.  The  loads  for  which  they 
are  to  be  proportioned  will  usually  be  less,  and  there  is  no  vibration  load 
to  be  considered.  The  effect  of  centrifugal  force,  when  there  are  electric 
railway  tracks  on  curves,  should  be  considered;  and  traction  from  electric- 
railways  should  also  be  provided  for,  unless  there  is  a  concrete  slab  ex- 
tending practically  the  full  width  between  trusses.  Stringer  bracing 
should  be  omitted  when  a  concrete  floor  slab  is  used,  and  generally  with 
a  solid  timber  floor.  The  bottom  lateral  diagonals  will  frequently  lie  at 
a  considerable  distance  below  the  stringers,  and  in  this  case  they  should 
be  supported  at  mid-panel  in  the  manner  explained  for  highway  plate- 
girder  spans.  Cantilever  brackets  outside  of  the  trusses  can  be  braced 
in  a  similar  manner  to  that  explained  for  highway  plate-girder  spans; 
but  in  this  case  the  diagonal  braces  should  connect  co  the  bottom  flanges 
of  the  cantilevers  at  the  line  of  stringers  from  which  they  are  braced,  and 
their  other  ends  should  rivet  to  a  bent  plate  on  the  bottom  of  the  lower 
chord  at  the  centre  of  the  panel.  There  will  also  be  required  a  diaphragm 
or  bracket-plate  attaching  the  stringer  to  the  coimection  plate  of  the 
diagonal.  This  bracing  for  the  cantilevers  will  generally  be  used  in  two 
panels  per  truss;  and  where  a  solid  concrete  floor  is  employed,  it  may 
be  omitted  altogether. 

For  light  highway  bridges  it  will  be  permissible  to  employ  angles  in 
tension,  or  even  adjustable  rods,  for  the  diagonals  m  bracing  of  double 
cancellation.  When  tension  angles  are  adopted,  the  draw  mentioned  pre- 
viously should  be  provided.  The  use  of  pony  truss  spans  should  be  dis- 
couraged for  even  light  bridges,  but  sometimes  it  is  necessary  to  employ 
them.  In  that  case  the  top  chords  must  be  braced  to  the  floor-beams 
as  rigidly  as  possible. 
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Highway  and  Electric-Railway,  Deck,  Truss  Spans 

The  bracing  of  structures  of  this  type  will  in  essential  particulars  fol- 
low that  for  railway,  deck,  truss  spans.  The  special  points  which  will 
arise  will  be  very  similar  to  those  described  for  highway  through,  truss, 
spans;  and  they  should  be  treated  in  a  similar  manner. 


CHAPTER  XXI 

PLATE-GIRDER   AND    ROLLED    I-BEAM   BRIDGES 

Although  plate-girders  are  of  necessity  as  unscientific  structures  as 
a  bridge  specialist  ever  has  to  design,  they  are  without  doubt  the  most 
satisfactory  type  of  construction  possible  for  short  spans.  Their  superi- 
ority over  articulated  trusses  is  due  to  the  following  reasons: 

First.     Owing  to  their  compactness  they  better  resist  shock  and  check 

vibration. 
Second.     They  have  fewer  critical  points  where  overstress  is  likely  to 

exist  because  of  faults  of  either  designing  or  workmanship. 
Third.     A  number  of  loose  rivets  lying  close  together  will  do  far  less 

harm  in  a  plate-girder  than  in  an  open- webbed  one. 

Fourth.     The  cost  of  manufacture  per  pound  of  metal  is  a  little  less. 

Fifth.     Owing  to  the  steady  demand  for  plate-girder  structures  and 

the  comparative  simplicity  of  the  sections  of  metal  used  in  their 

manufacture,  it  is  easy  to  obtain  quickly  the  materials  required; 

and  the  work  on  the  metal  is  of  a  simple  character.     For  these 

reasons  plate-girder  spans  can  generally  be  purchased  with  less 

delay  than  open-webbed  girders. 

Sixth.     The  cost  per  pound  for  erection  is  decidedly  less,  excepting 

where  the  conditions  are  unusual. 
Seventh.     They  can  be  overstressed  without  danger  much  higher  than 

open-webbed  girders. 
Eighth.     They  are  less  liable  to  injury  by  accident  than  articulated 

trusses. 
Ninth.     They  are  more  easily  painted,  and  are  more  accessible  to 

examination  for  rust. 
Tenth.     The  cost  of  maintenance  is  less,  owing  to  the  absence  of  small 

parts  and  details  that  might  work  loose  under  traffic. 
One  rarely  hears  of  the  failure  of  a  plate-girder  span,  while  the  col- 
lapsing of  open-webbed  girders  (especially  old^  pin-connected  ones)  is  far 
from  uncommon.  There  has  lately  come  to  the  author's  notice  an  old, 
wrought-iron,  plate-girder  bridge  of  eighteen  and  a  half  feet  span,  in  which, 
when  impact  was  included,  the  actual  locomotive  loads  stressed  the  ex- 
treme fibres  of  the  bottom  flanges  as  high  as  forty-two  thousand  (42,000) 
pounds  per  square  inch.  How  the  structure  continued  for  years  to  stand 
up  under  the  constant  traffic  on  one  of  the  great  trunk  lines  is  a  puzzle 
for  bridge  experts;  because  the  elastic  limit  of  the  metal  must  have  been 
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loss  than  thirty  thousand  (30,000)  pounds  per  square  inch.  Stressing  an 
old-fashioned,  iron,  pin-connected-truss  span  one-half  as  much  as  that 
plate-girder  bridge  was  stressed  would  probably  have  caused  its  downfall 
long  ago. 

The  ordinary  limit  of  l(>ngth  of  plate-girder  spans  is  about  one  hun- 
dred (100)  feet,  but  that  limit  has  often  been  surpassed  by  twenty-five 
(25)  or  thirty  (30)  per  cent  for  simple  spans  and  by  much  more  for  s-\\ang 
spans.  Usuall}'  it  is  the  difficulty  in  shipping  very  long  plate-girders 
from  bridge  shop  to  site  that  determines  the  superior  limit  of  such  spans. 
The  loading  of  long  girders  on  cars  for  shipment  is  quite  an  art,  and  it 
should  be  entrusted  only  to  men  experienced  in  such  loadings;  for,  other- 
wise, the  metal  is  liable  to  be  injured  in  transit  or  the  cars  to  break  down, 
or  some  other  trouble  is  likely  to  happen  before  they  reach  their  desti- 
nation. Some  engineers  believe  that  the  liability  to  injury  of  long  plate- 
girders  in  shop,  transit,  and  field  should  limit  their  length  to  one  hundred 
(100)  feet;  but  the  author  is  not  of  this  opinion,  for  he  thinks  that  by  tak- 
ing proper  precautions  the  danger  can  be  pretty  nearly  eliminated.  About 
as  long  a  plate-girder  as  has  ever  been  shipped  in  one  piece  was  one  of 
one  hundred  and  thirty-two  (132)  feet.  It  required  four  flat  cars  to 
transport  it.  Longer  plate-girder  spans  than  this  have  been  built,  notably 
tubular  bridges  and  swing  spans,  but  they  were  shipped  in  parts  and 
assembled  at  site.  This  expedient  for  simple  spans  is  really  permissible 
only  in  case  of  bridges  to  be  sent  to  foreign  countries,  and  it  is  to  be  avoided 
if  possible  even  then,  because  it  is  sometimes  difficult  to  obtain  a  satis- 
factory job  of  field-riveting  when  making  the  splices,  although  the  use 
of  pneumatic  riveters  tends  to  reduce  materially  the  force  of  this  objec- 
tion. The  specifications  of  Chapter  LXXVIII  provide  an  excess  of  strength 
for  the  field  splicing  of  plate-girders,  simply  as  a  matter  of  precaution 
for  the  avoidance  of  the  possible  ill-effects  of  defective  field  riveting. 

As  far  as  economics  are  concerned,  it  may  be  stated  that,  if  deck 
plate-girders  are  feasible  for  any  opening,  they  are  more  economical  than 
truss  spans  up  to  a  length  that  is  prohibitory  for  shipment.  As  the  depth 
of  a  very  long  plate-girder  is  generally  from  one-tenth  (/(o)  to  one-twelfth 
(/12)  of  the  span,  the  requirements  of  underneath  clearance  often  bar 
out  deck  plate-girders  and  necessitate  either  half-through  plate-girders 
or  through  trusses.  The  rule  given  in  Chapter  LXXVIII,  that  in  single- 
track  deck-bridges  the  perpendicular  distance  between  the  webs  of  any 
pair  of  plate-girders  must  not  be  less  than  one-tenth  (/(o)  of  the  span, 
limits  the  span-length  for  such  structures  to  about  one  hundred  (100) 
feet,  because  a  greater  length  than  ten  (10)  feet  between  centres  of  bear- 
ings of  ties  would  involve  the  adoption  of  heavier  timber  than  is  easily 
and  economically''  procurable.  But  for  double-track  structures  the  use  of 
four  lines  of  girders  spaced  equidistant  permits  the  bracing  together  of 
two  pairs  of  girders  by  vertical  end  frames,  and  the  running  of  both  the 
upper  lateral  system  and  the  lower  lateral  system  from  outer  girder  to 
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outer  girder.  As  wooden  ties  of  ordinary  dimensions  can  be  used  under 
such  circumstances,  the  hmiting  length  of  the  girders  will  be  determined 
only  by  the  ability  of  the  railroads  to  transport  them.  It  is  not  likely 
that  girders  exceeding  one  hundred  and  twenty  (120)  feet  in  length  can 
be  carried  on  cars  advantageously;  and,  moreover,  a  riveted  truss  span 
of  that  length,  having  four  or  five  panels,  makes  a  very  satisfactory  struc- 
ture. Some  bridge  engineers  are  not  governed  by  the  rule  that  the  per- 
pendicular distance  between  central  planes  of  plate-girders  in  single-track 
deck-bridges  must  not  be  less  than  one-tenth  (/(o)  of  the  span;  hence 
for  them  the  superior  limit  for  the  spans  of  such  structures  might  readily 
be  much  more  than  one  hundred  (100)  feet — in  fact,  there  are  on  record 
long-span  bridges  of  this  kind  in  which  the  width  is  less  than  one-four- 
teenth (/14)  of  the  span.  While  this  ratio  is  certainly  extreme,  it  must 
be  confessed  that  the  author  would  not  hesitate  to  violate  his  own  rule 
somewhat  to  meet  unusual  conditions,  because  it  was  made  for  the  sole 
purpose  of  checking  lateral  vibration  under  heavy  loads  passing  at  very 
high  speed;  therefore,  if  these  conditions  could  not  exist,  there  would 
be  good  reason  for  modifying  this  item  of  his  specifications. 

In  the  case  of  half-through,  plate-girder  spans  or  deck  plate-girder 
spans  with  steel  stringers  and  floor-beams,  it  will  be  found  that  these  are 
more  expensive  by  several  dollars  per  lineal  foot  than  the  corresponding 
riveted  through-  or  deck-truss  spans  for  a  length  of  one  hundred  (100) 
feet,  and  that  for  greater  lengths  the  difference  of  cost  is  still  more.  As 
it  hardly  seems  advisable  to  build  riveted  truss  spans  shorter  than  one 
hundred  (100)  feet,  it  is  well  to  adopt  this  length  as  the  superior  limit 
for  half-through  plate-girders  and  deck  plate-girders  with  steel  floor 
systems. 

Considerable  expense  in  erection  can  often  be  saved  by  riveting  up 
entire  railroad,  deck,  plate-girder  spans  in  the  shop,  shipping  them  to 
the  site,  running  them  into  horizontal  position,  lifting  them  off  the  cars 
by  gallows  frames,  running  the  cars  from  beneath  them,  and  lowering  them 
into  place.  This  can  be  done  quite  readily  -with  spans  up  to  sixty  (60) 
feet  long  or  even  longer.  Provided  that  the  assembled  girders  do  not 
require  too  much  width  for  the  cars  that  are  to  transport  them,  this 
arrangement  will  work  very  well. 

Rolled  I-beam  spans  are  preferable  to  plate-girder  spans  up  to  the 
limit  of  economy  and  even  beyond  it,  provided  that  the  deflection  under 
load  does  not  become  too  great.  For  ordinary  I-beams  the  longest  rail- 
way spans  of  this  type  are  about  twenty  (20)  feet  when  four  lines  of 
stringers  per  track  are  used,  but  by  employing  the  thirty  (30)  inch  special 
sections  of  the  Bethlehem  Steel  Company  the  limit  can  be  increased  to 
about  thirty  feet  for  fairly  heavy  engine  loads.  By  using  six  lines  of 
beams  per  track  the  limit  can  be  increased  to  about  thirty-five  (35)  feet, 
for  which  span  the  depth  is  only  one-fourteenth  (/u)  of  the  length — 
a  ratio  common  enough  in  England,  but  objected  to  by  most  American 
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engineers  because  of  the  great  (U>flection  that  it  permits.  The  superiority 
of  rolled  I-beam  spans  to  plate-girder  spans  lies  in  their  simplicity  of 
detail,  their  greater  compactness,  and  their  lower  pound  price. 

Some  years  ago  there  were  designed  for  a  transcontinental  line  a 
number  of  plate-lattice  girder  spans.  Their  raison  d'etre  was  supposed 
to  be  primarily  their  ability  to  pass  water  through  them  when  submerged, 
but  secondarily,  economy.  The  designer  claimed  that  the^y  effected  a 
saving  of  metal  amounting  to  about  fifteen  hundred  (1500)  pounds  for 
an  eight}^  (80)  foot,  single-track  span,  and  that  the  pound  price  for  their 
manufacture  was  no  greater  than  that  for  ordinary  plate-girder  work. 
The  author  once  used  plate-lattice  girders  for  the  cross-girders  of  the 
Union  Loop  Elevated  Railroad  of  Chicago,  but  his  object  was  simply  to 
evade  a  troublesome  clause  in  the  city  ordinance.  The  webs  of  these 
cross-girders  were  solid  near  mid-span  and  at  the  ends,  and  were  open 
near  the  quarter  points,  while  those  of  the  railroad  girders  previously 
mentioned  were  solid  at  the  ends  and  open  over  more  than  the  middle  half 
of  the  total  length.  As  far  as  the  author's  experience  goes,  it  takes  just 
as  much  metal  to  build  the  webs  open,  and  the  pound  price  for  the  finished 
metal  is  a  trifle  greater  than  it  is  for  ordinary  plate-girder  construction. 
The  fact  that  this  same  railroad,  when  drawing  up  a  set  of  standard  plans 
a  few  years  later,  discarded  the  plate-lattice  girders  is  a  pretty  sure  indi- 
cation that  the  advantages  claimed  for  them  were  more  imaginary  than 
real.  It  is  true,  of  course,  that  in  case  of  submergence  they  would  pass 
a  certain  amount  of  water  through  their  webs;  but  it  is  seldom  that  a 
railroad  company  -^ill  build  a  bridge  of  any  kind  so  close  to  the  high- 
water  mark  as  to  run  any  risk  of  its  being  submerged. 

As  the  calculation  of  stresses  in  beams  is  explained  clearly  in  a  number 
of  standard  text-books,  it  will  be  assumed  that  the  reader  is  familiar  with 
the  subject  in  general,  and  this  chapter  will  discuss  it  merely  from  the 
standpoint  of  its  direct  application  to  the  design  of  girders.  The  use  of 
equivalent  uniform  loads  is  treated  fully  in  Chapter  X, 

A  plate-girder  is  a  beam  composed  essentially  of  a  wide,  thin  plate, 
called  the  web,  along  each  edge  of  which  there  is  riveted  a  flange  that  may 
consist  of  various  structural  shapes.  The  loads  which  the  girder  carries 
produce  at  any  section  both  shear  and  bending  moment.  The  web  is 
usually  considered  to  care  for  the  shear,  while  most  or  all  of  the  bending 
moment  is  assumed  to  be  taken  by  the  flanges.  In  addition  to  the 
flanges  and  web  there  are  many  other  important  parts,  each  of  which 
Iras  its  own  fimction  to  perform.  Some  of  these,  such  as  the  end-stif- 
feners  or  end-connection  angles,  are  found  in  nearly  every  plate-girder; 
while  others,  such  as  web-splices  and  flange-splices,  are  used  only  when 
the  conditions  of  any  particular  case  call  for  them. 

The  most  important  calculations  are  those  for  the  maximum  moment 
and  the  maximum  end  shear.  For  rolled  I-beams  and  short-span  plate- 
girders  these  are  usually  the  only  ones  required;    but  for  a  plate-girder 
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of  longer  span,  it  is  generally  necessary  to  know  also  the  laws  of  the  varia- 
tion of  moment  and  shear  throughout  its  length,  so  that  the  values  of 
these  functions  at  any  given  section  can  be  determined.  These  laws 
will  depend  upon  the  kind  of  loading  (i.  e.,  live  or  dead),  on  the  manner 
in  which  it  is  applied  to  the  girder  (^.  e.,  uniformly  distributed  or  concen- 
trated), and  on  the  end  conditions  of  the  girder.  The  girder  simply  sup- 
ported at  both  ends  will  first  be  discussed  at  some  length  after  which 
several  other  forms  will  be  considered  briefly. 

For  a  girder  carrying  a  uniform  load  the  maximum  shear  on  the  web 
is  simply  the  load  between  the  point  of  support  and  the  centre.  If  there 
is  no  end  overhang,  this  quantity  is  also  the  maximum  reaction  on  the 
support;  but  if  there  is  such  an  overhang,  the  load  on  it  must  be  con- 
sidered in  finding  the  said  reaction.  The  dead-load  shear  at  any  point  is 
equal  to  the  dead  load  between  the  section  in  question  and  the  centre  of 
the  girder,  varying  uniformlj^  from  zero  at  that  point  to  a  maximum  at 
the  end.  For  advancing  live  load  covering  a  portion  kl  of  a  span  of  length 
I,  the  shear  at  the  head  of  the  load  is  F  times  the  end  shear.  In  Fig.  21a 
are  plotted  values  for  maximum  shears  from  uniform  loads  at  various 
sections  of  a  girder,  for  varying  ratios  of  live  and  dead  loads.  These 
are  given  in  ratios  of  the  end  shear.  (The  k  on  this  diagram  is  not  the 
same  as  that  just  used  above,  being  measured  from  the  other  end  of  the 
girder.)  The  moment  diagram  A\'ill  be  a  parabola,  with  the  maximum 
ordinate  at  the  centre. 

In  a  railway  girder  wixhout  panels,  such  as  an  ordinary  deck  girder 
or  a  through  girder  with  a  trough  floor  system,  the  dead  load  is  uniform, 
and  the  shears  and  moments  caused  by  it  can  be  figured  in  the  manner 
just  explained.  The  maximum  live-load  shear  on  the  web  can  be  taken 
from  the  curves  of  Fig.  6c.  If  there  is  no  end  overhang,  this  will  also 
be  the  maximum  reaction  on  the  support;  but  if  a  girder  of  length  I  have 
an  end  overhang  a,  the  maximum  reaction  on  the  support  will  be  that 
given  in  the  curves  for  a  span  of  length  I  -\-  a,  multiplied  by  the  ratio 

— j — .     The  shear  at  a  point  distant  kl  from  one  support  of  a  span  of 

length  I,  due  to  a  live  load  on  the  portion  kl,  may  be  taken  as  k  times 
the  end  shear  of  a  span  of  length  kl.  There  is  no  exact  law  for  the  varia- 
tion of  live-load  shears  throughout  a  span,  as  it  differs  for  different  span 
lengths;  but  the  curve  of  Fig.  216  will  be  found  to  be  sufficiently  accurate 
for  designing  purposes.  It  gives  values  of  the  ratio  of  the  total  shear 
at  any  section  to  the  total  end  shear  on  the  web.  The  maximum  live- 
load  moment  at  the  centre  is  to  be  figured  by  the  use  of  the  equivalent 
uniform  live  load;  and  the  moment  diagram  can  be  assumed  to  be  a  pa- 
rabola, althougli  the  actual  moment  curve  will  usually  be  a  trifle  higher 
at  some  points  on  account  of  the  wheel  concentrations.  This  error  is 
easily  taken  care  of,  however,  as  will  be  explained  when  the  figuring  of 
cover-plate  lengths  is  discussed. 
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Fig    21a.     Total  Shears  throughout  Plate-girder  Spans  Carrying  Uniformly  Distributed 

Live  and  Dead  Loads. 
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If  a  girder  without  panels  carries  an  electric  railway,  the  end  shear 
on  the  web  and  the  reaction  on  the  support  can  be  figured  in  the  same 
manner  as  was  just  explained  for  a  railway  girder,  using  the  curves  of 
Fig.  Qg.  The  live-load  shear  at  any  section  can  be  computed  in  the  same 
manner  as  for  a  railway  girder;  but  it  will  be  found  impossible  to  draw 
a  curve  similar  to  Fig.  216,  owing  to  the  great  irregularities  in  the  wheel 
spacing.     The  moment  can  be  figured  as  for  a  railway  girder. 

For  girders  without  panels  carrying  road  rollers  or  trucks,  it  will  be 
necessary  to  figure  the  moments  and  shears  directly. 

When  a  girder  with  panels  carries  a  load  which  is  uniform  per  foot 
of  span,  but  is  concentrated  on  the  girder  at  the  various  panel-points, 
the  shears  in  the  various  panels  are  to  be  computed  as  for  a  truss 
span.  It  will  be  sufficiently  accurate  to  use  full  panel  loads.  If  the 
panel  lengths  are  equal,  Table  106  may  be  utilized  to  advantage. 
The  maximum  shear  on  the  web  is  usually  the  shear  in  the  end  panel, 
although  the  load  from  the  end  floor-beam  may  sometimes  have  to 
be  figured  in.  If  the  girder  be  riveted  to  other  steelwork — as  to 
a  column — the  maximum  load  on  the  end  connection  of  the  girder 
in  most  cases  will  be  the  same  as  the  end  shear  on  the  web,  although 
the  load  from  the  end  floor-beam  is  also  to  be  considered  in  computing 
the  load  on  the  column.  If  the  girder  rests  on  a  shoe,  the  end  stiff eners 
will  generally  have  to  carry  the  load  from  the  end  floor-beam  as  well  as 
the  end  shear  on  the  web.  The  manner  in  which  this  floor-beam  load  is 
transferred  to  the  stiffcners  must  be  duly  considered,  however.  The 
reaction  on  the  shoe  will  practically  always  include  the  load  from  the 
end  floor-beam.  The  moment  diagram  is  no  longer  a  parabola,  but  is  a 
polygon,  the  apices  of  which  are  at  the  panel-points.  These  apices  lie 
on  the  parabola  which  would  be  the  moment  diagram  of  the  girder  if 
the  load  were  uniformly  distributed  instead  of  concentrated.  In  order 
to  draw  the  moment  diagram,  therefore,  we  proceed  as  follows.  We 
first  figure  the  centre  moment  M  as  though  the  load  were  uniformly  dis- 
tributed, employing  the  equation, 

M  =  Yswl'',  [Eq.  1] 

where  I  is  the  span  length  and  iv  the  load  per  lineal  unit.  The  span  length 
is  then  laid  out  to  any  convenient  scale,  and  a  parabola  is  plotted  with 
the  above  value  of  M  as  the  central  ordinate  and  the  ordinates  at  the 
ends  of  the  span  equal  to  zero.  Then  the  positions  of  the  various  panel- 
points  are  laid  out  and  a  vertical  is  erected  at  each  point,  cutting  the 
moment  parabola.  The  points  where  these  verticals  intersect  the  curve 
are  then  joined  by  straight  lines,  which  form  the  moment  diagram. 

A  girder  with  all  of  the  load  concentrated  at  the  panel-points  does  not 
occur  in  actual  practice,  since  the  weight  of  the  girder  itself  is  always 
uniformly  distributed.  The  effect  of  this  is  usually  small,  and  should  be 
neglected.    When,  however,  a  strip  of  flooring  rests  directly  on  the  girder, 
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Fig.  21&.     Total    Shears    throughout    Plate-girder    Spans   without  Floor-beams  and 
Stringers  Carrying  Railway  Loading. 
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it  may  be  necessary  to  take  into  account  the  effect  of  this  uniform  load. 
In  this  case,  the  end  shears  due  to  uniform  dead  load,  concentrated  dead 
load,  uniform  live  load,  and  concentrated  live  load  should  be  figured 
separately.  The  shear  at  any  section  from  each  of  the  four  loads  can  then 
be  easily  calculated.  The  moment  diagram  is  drawn  by  first  plotting  the 
moment  parabola,  then  constructing  the  moment  polygon  as  though  all 
of  the  load  were  concentrated  at  the  panels,  and  lastly  interpolating  to 
get  the  correct  moment  diagram.  For  instance,  if  the  uniform  load  were 
one-quarter  of  the  total  load,  there  should  be  located  at  the  centre  of 
each  panel  a  point  one-quarter  of  the  way  between  the  straight  line  and 
the  parabola.  The  distance  is  to  be  measured  vertically,  not  at  right 
angles  to  the  straight  line.  Then  curves  are  drawn  through  these  points 
and  the  adjacent  panel-points  on  either  side.  If  the  panels  are  very  long 
or  the  vertical  distances  quite  large,  it  may  be  best  to  locate  other  points 
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Fig.     21c.     Layout  of  a  75-foot  Gii-der  with  Varying  Panel  Lengths. 


one-quarter  of  the  way  between  the  straight  line  and  the  parabola  (measure 
ing  vertically) ;  but  in  nearly  every  case  the  single  point  at  the  centre  of 
each  panel  will  suffice. 

The  above  method  of  constructing  the  moment  polygon  is  applicable 
whether  the  panel  lengths  are  uniform  or  not.  To  illustrate  clearly  its 
application,  let  it  be  required  to  construct  the  moment  diagram  for  a  girder 
75'  long  from  centre  to  centre  of  bearings,  shown  in  Fig.  21c,  having  four 
panels  each  16'  long  and  one  panel  11'  in  length,  and  carrying  a  total 
load  of  6730  pounds  per  lineal  foot,  of  which  2500  pounds  is  uniformly 
distributed  along  the  girder,  the  remaining  portion  being  carried  by  cross- 
girders  at  the  various  panel  points.  The  moment  at  the  centre  is  first 
figured  on  the  assumption  that  all  of  the  load  is  uniformly  distributed, 
giving  the  result, 

M  =  \iY.  6730  X  752  =  4,732,000  foot-pounds. 

The  span  length  is  then  laid  off  to  any  convenient  scale,  and  the  above 
moment  M  plotted  at  the  centre  to  any  other  convenient  scale.  See  Fig. 
21c?.  The  moment  parabola  is  then  plotted.  To  do  this,  a  horizontal 
line  is  drawn  through  the  point  already  located  at  the  centre,  and  ordinates 
are  plotted  downward  therefrom  at  as  many  points  as  may  be  necessary. 
It  will  usually  be  best  to  divide  each  half  span  into  four  equal  parts,  in 
which  case  the  ordinates  at  the  various  division  points  will  be  l/l6ilf, 
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14^^ >  ^^^  9/I6M;  or  into  five  equal  parts,  in  which  case  the  said  ordi- 
natcs  Avill  be  1/25M  (=.0.04M),  4/25il/  (=  O.lGAf),  9/25M  (=  0.36M), 
and  IQ/25M  (=  O.C4)il/;  or  into  ten  equal  parts,  in  which  case  they  will 
be  0.0L¥,  0.04i¥,  OWM,  O.IGM,  0.25M,  0.36M,  0.491/,  0.64M,  and  OMM. 
(The  parabola  can  also  be  drawn  by  any  one  of  the  several  graphical 
methods.)  In  the  present  case,  the  half  span  was  divided  into  five  equal 
parts.  For  girders  having  panels  of  equal  length,  it  might  be  better  to 
plot  simply  the  ordinates  at  each  panel-point.  For  instance,  in  a  seven- 
panel  girder  the  panel-points  are  distant  1/7  X  1/2,  3/7  X  1/2,  and  5/7 
X  1/2  from  the  mid-span  point,  and  the  corresponding  ordinates  are 
1/49M,  9/49M,  and  25/49il/. 

The  panel-points  are  then  laid  out,  vertical  lines  are  drawn  at  each 
point  cutting  the  moment  parabola,  and  the  points  of  intersection  are 

7-d'     7-6"     7-6'      7-6'     7-6''      7'6'      7-6'      7'-6'     7'6"      7'6'' 


TV'/ / / > 


73-0" 


Fig.  21d.     Moment  Diagram  for  a  75-foot  Girder  with  Varying  Panel  Lengths. 


joined  by  straight  lines.  The  resulting  polygon  would  be  the  moment 
diagram  if  all  of  the  load  were  concentrated  at  the  panel-points.  Since 
2500  pounds  of  the  total  6730  pounds  are  uniformly  distributed,  the  ver- 
tical distance  between  the  curve  and  the  straight  line  is  measured  at  the 

centre  of  each  panel  (this  is  the  same  for  all  of  the  16'  panels)  and  r^^ 

of  this  distance  laid  off  upward  from  the  straight  fine.  A  smooth  curve 
is  then  drawn  in  each  panel  through  the  point  thus  located  and  the  two 
adjacent  panel-points.     The  resulting  figure  is  the  moment  diagram. 

It  will  be  found  advisable  to  put  the  said  diagram  directly  on  the 
calculation  blanks  along  with  the  other  computations  for  the  girder,  rather 
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than  on  a  separate  sheet  of  drawing  paper.  A  scale  of  ten  feet  to  the 
inch  will  generally  be  most  suitable  for  laying  out  the  dimensions  of  the 
girder.  For  plotting  the  moments,  a  scale  of  1,000,000  foot-pounds  to 
the  inch  should  be  used  ordinarily,  and  one  of  2,000,000  foot-pounds  to 
the  inch  for  very  heavy  girders. 

For  railway  plate-girders  with  panels,  such  as  the  ordinary  half-through 
girder,  the  maximum  live-load  end-shear  on  the  web  can  be  calculated 
by  means  of  the  engine  diagram  (such  as  given  in  Table  10a),  if  desired; 
but  it  Avill  be  sufficiently  accurate  to  take  from  the  curves  of  Fig.  6c  the 
end  shear  for  a  span  of  length  equal  to  the  actual  span  minus  eight-tenths 
(0.8)  of  the  end  panel,  and  then  multiply  this  reading  by  the  ratio  of 
the  reduced  length  to  the  actual  length.  For  a  girder  of  length  I 
with  short  panels  (say  12'  or  less  in  length),  the  live-load  shear  at  any 
panel-point  distant  kl  from  one  end  of  the  girder,  due  to  load  on  the  por- 
tion kl,  can  be  taken  as  k  times  the  end  shear  for  a  span  of  length  kl.  For 
panels  over  12'  long,  the  length  kl  should  be  taken  about  one-tenth 
of  a  panel  longer  than  the  distance  from  the  support  to  the  panel-point 
in  question.  The  maximum  reaction  on  the  support  will  usually  be  the 
same  as  for  a  girder  without  panels;  but  it  may  sometimes  be  equal  to 
the  maximum  end-shear  on  the  web. 

The  preceding  discussion  on  finding  moments  and  shears  throughout 
girders  has  applied  only  to  girders  simply  supported  at  both  ends.  Other 
types  will  now  be  discussed  briefly. 

Cantilever  plate-girders  are  frequently  used  in  steel  construction. 
In  a  cantilever  the  shear  at  any  point  is  equal  to  the  sum  of  the  loads 
outside  of  the  section,  and  the  moment  is  simply  the  moment  of  these 
loads  about  the  point  in  question.  If  the  girder  carries  uniform  loading, 
the  shear  varies  uniformly  from  zero  at  the  end  to  a  maximum  at  the 
support,  while  the  moment  varies  as  the  ordinates  of  a  parabola.  If  it 
carries  concentrated  loads,  the  shear  is  constant  from  load  point  to  load 
point,  and  the  moment  curve  between  load  points  becomes  a  straight 
line.  It  will  usually  be  necessary  to  figure  the  shear  and  the  moment  at 
each  load  point  directly,  as  the  loads  and  spacing  in  most  cases  will  be 
irregular. 

A  cantilever  is  nearly  always  continuous  with  another  girder.  In 
designing  the  other  girder,  the  effects  on  the  moments  and  shears  pro- 
duced by  loads  on  the  cantilever  must  be  duly  considered.  These  loads 
increase  the  shear  in  the  girder  at  the  end  next  to  the  cantilever,  and  tend 
to  cause  an  uplift  at  the  other  end.  They  usually  tend  to  reverse  the 
flange  stress  in  the  girder,  so  that  it  is  necessary  to  figure  the  moment 
therein  for  the  two  following  conditions  of  loading: 

1.  Live  load  and  dead  load  on  girder,  and  dead  load  only  on  cantilever. 

2.  Dead  load  only  on  girder,  and  live  load  and  dead  load  on  cantilever. 
Plate-girders   are   frequently   more   or   less   continuous   over   several 

supports,   but  they  are  nearly  always  figured  as  simple  beams.     This 
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assumption  makes  the  work  of  design  much  easier,  and  is  generally  on  the 
safe  side.  Of  course,  the  formulaB  for  continuous  beams  can  be  applied 
to  such  girders,  if  it  be  thought  advisable;  but  this  should  hardly  ever  be 
necessary. 

The  computation  of  the  shears  and  moments  at  various  sections  of 
a  girder  is  comparatively  simple.  The  design  of  the  various  portions  of 
the  girder  to  care  for  these  stresses  in  an  effective  and  economical  manner 
is  much  more  difficult;  and  facility  in  such  work  can  be  attained  only 
by  experience.  The  remainder  of  this  chapter  will  be  devoted  almost 
entirely  to  this  subject. 

Usually  the  first  step  in  the  design  of  a  girder  is  the  selection  of  the 
web  plate.  In  order  to  do  this,  the  maximum  shear  on  the  web  must 
first  be  figured.  It  is  also  necessary  to  know  the  economic  depth  for  the 
girder;  and,  furthermore,  there  are  various  practical  points  to  be  considered. 

It  was  previously  mentioned  that  the  web  is  generally  assumed  to  resist 
the  entire  shear,  and  in  most  cases  this  is  practically  correct;  but  in 
shallow  plate  girders  with  deep  flanges  the  latter  certainly  help  materially 
to  resist  shear.  The  error  involved  by  the  assumption,  however,  is  on 
the  side  of  safety. 

In  determining  the  required  area  for  shear  it  is  not  necessary  to  figure 
the  net  section  through  a  vertical  line  of  rivets;  for  the  intensity'  allowed 
in  the  specifications  of  Chapter  LXXVIII  is  so  safe  that  the  gross  area  of 
the  web  may  be  employed  instead  of  the  net  area.  This  saves  a  little 
trouble  for  the  designer  by  simplifying  his  calculations.  It  A^ill  nearly 
alwaj's  be  found  that,  if  an  economic  depth  of  girder  be  used,  the  minimum 
thickness  of  web  permitted  by  the  specifications  or  that  is  in  conformity 
■^"ith  good  judgment  or  with  established  custom  will  provide  a  sectional 
area  in  excess  of  that  required  for  maxim-im  shear. 

The  question  of  economic  depths  for  plate-girders  is  treated  at  length 
in  Chapter  LIII.  Fig.  21e  gives  values  for  various  span  lengths  and 
various  total  loads  per  lineal  foot  of  span.  The  depths  there  indicated 
are  really  the  effective  depths  rather  than  the  depths  of  the  web  plates; 
but  ordinarily  the  two  figures  are  practically  the  same.  "WTiere  no  other 
factors  control,  the  economic  depth  should  be  used.  The  web  should, 
preferably,  be  so  deep  that  the  minimum  permissible  thickness  specified 
in  Chapter  LXXVIII  vn\\  furnish  sufficient  area  for  the  shear,  and  will 
not  require  the  flange  rivets  to  be  too  closely  spaced.  The  economic 
depths  given  in  Fig.  21e  will  practically  always  secure  these  results;  but 
where  the  clearance  beneath  the  structure  is  limited,  it  is  frequently 
necessary"  to  adopt  shallower  girders.  It  will  be  found  that  a  considerably 
smaller  depth  than  the  strictly  economic  one  can  be  used  with  verj^  little 
sacrifice  of  economy,  unless  the  shear  require  an  increase  in  the  web 
thickness  because  of  the  smaller  depth. 

The  depths  of  webs  should  be  in  full  inches,  if  practicable — the  ad- 
herence to  even  feet  or  half  feet  being  preferable.     The  distance  from 
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out  to  out  of  flange  angles  should  be  made  at  least  one-quarter  (3^)  of  an 
inch  greater  than  the  depth  of  web,  and  for  wide  webs  three-eighths  (^) 
or  even  one-half  {^/Q  of  an  inch  would  be  better.  The  reason  for  this  is 
that  the  edges  of  webs  are  not  always  rolled  or  cut  perfectly  true;  hence, 
if  no  variation  were  allowed  for,  they  would  project  in  places  beyond  the 
flange  angles,  thus  either  necessitating  chipping  or  else  giving  an  unwork- 
manlike finish. 

Eleven  feet  is  about  as  deep  a  girder  as  can  be  shipped  over  most 
railroads,  and  no  depth  exceeding  that  amount  should  be  used  without 
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Fig.  21e.     Economic  Depths  of  Plate-girders  with  Riveted  End-connections. 


investigating  the  clearances  of  the  roads  over  which  the  girder  must 
pass.  Furthermore,  the  fabrication  of  such  deep  girders  is  difficult  and 
expensive. 

For  girders  over  forty  or  forty-five  feet  long,  it  will  be  necessary  to 
use  one  or  more  splices  in  the  web.  The  designing  of  these  splices  is 
discussed  later  in  this  chapter.  The  limiting  dimensions  of  plates  are  given 
in  the  hand-books  of  the  various  steel  manufacturers — for  instance,  in 
Carnegie's  Pocket  Companion.  The  number  of  splices  should  be  as 
small  as  possible,  notwithstanding  the  fact  that  extra  large  plates  com- 
mand a  higher  pound  price  than  ordinary  bridge  metal.  There  are  two 
sound  objections  to  using  short  and  light  component  pieces  in  the  manu- 
facture of  plate-girder  spans:    first,  the  additional  metal  required  for  the 
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splicing;  and,  siu-ond,  \\\v  loss  of  strength  in  the  sphees,  notwithstanding 
every  effort  that  can  hr  made  by  designing  scientifically  to  reduce  that 
loss  to  a  minimum. 

INIueh  has  V)een  written  concerning  the  theory  of  stress  distribution 
in  tlu>  w(>bs  of  plate-girders  and  on  the  proper  location  of  the  intermediate 
stiffeners;  but  all  such  theories  are  upset  by  the  fact  that  many  plate- 
girdi>rs  having  stiffeners  only  over  the  supports  have  carried  heavy  loads 
for  years  unthout  showing  any  sign  of  buckling  or  overstress.  This  is  no 
good  reason,  though,  for  the  omission  of  these  details  in  plate-girder  design- 
ing; for,  in  addition  to  their  theoretical  functions,  they  are  useful  in 
supporting  the  top  flanges  in  deck  spans,  and  they  keep  the  web  from 
injury  by  bending  during  manufacture,  transportation,  and  erection. 
The  economics  of  crimping  stiffeners  is  treated  fully  in  Chapter  LIII. 
The  importance  of  having  stiffeners  fit  tightly  against  the  flange  angles 
of  deck  girders  at  both  top  and  bottom  cannot  be  too  strongly  emphasized. 
It  reall}'  would  not  be  important  to  have  a  tight  fit  at  bottom,  were  it  not 
for  the  fact  that  tightness  at  top  is  dependent  thereon;  therefore  the 
stiffeners  should  go  into  place  with  a  driving  fit.  The  specifications  for  the 
spacing  and  sizes  of  intermediate  stiffeners  are  given  in  Chapter  LXX\TII. 

There  are  two  methods  of  proportioning  a  girder  to  resist  a  given 
bending  moment.  One  is  by  the  use  of  the  moment  of  inertia  or  section 
modulus  of  the  entire  section.  If  any  rivet  holes  exist  in  the  portion  of 
the  section  which  is  under  tension,  the  net  moment  of  inertia  is  to  be 
employed  instead  of  the  gross,  it  being  customary  to  consider  the  moment 
of  inertia  of  the  compression  side  equal  to  that  of  the  tension  side.  In 
the  other  method,  all  of  each  flange  area  and  one-eighth  of  the  web  area 
are  assumed  to  be  concentrated  at  the  center  of  gravity  of  each  flange, 
and  the  bending  moment  is  considered  to  be  resisted  wholly  by  these  two 
areas.  The  first  of  these  methods  is  used  for  the  design  of  I-beams  and 
channels,  or  other  structural  shapes;  while  the  second  method  is  almost 
always  employed  for  plate-girders.  There  is  a  tendency  for  the  extreme 
fibres  of  girders  designed  on  this  latter  basis  to  have  somewhat  higher 
stresses  than  this  average  stress  in  the  flange.  In  deep  girders  this  excess 
is  not  appreciable;  but  in  very  shallow  built-up  girders  it  must  be  taken 
into  consideration,  and  such  girders  should  be  designed  by  means  of  the 
moment  of  inertia. 

The  method  of  assiuning  that  one-eighth  (}4)  of  the  area  of  the  w^b 
is  concentrated  in  each  flange  to  resist  bending  is  a  very  close  approxima- 
tion to  correctness.  If  there  were  no  rivet  holes  at  all  in  the  web  (which 
is,  of  course,  impossible),  the  allowance  would  be  one-sixth  {}/Q,  and 
in  cases  where  the  webs  are  very  badly  chopped  up  by  the  rivet  holes 
for  attaching  the  intermediate  stiffeners  or  the  splice  plates,  it  might  go 
as  low  as  one-ninth  (/g). 

Splices  in  flanges  should  be  dispensed  with,  if  possible;  but  if  they 
be  unavoidable,  such  splices  should  be  staggered  both  with  each  other 
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and  with  the  web  spUces  in  order  that  the  joints  in  all  the  various  com- 
ponent parts  of  the  girder  may  be  separated  so  far  that  the  zones  of 
compensation  for  the  weakening  effect  of  the  splicing  will  never  overlap, 
A  good  location  for  a  joint  in  a  flange  component  is  just  beyond  the  point 
where  a  cover-plate  would  otherwise  end;  because  by  continuing  the  said 
cover-plate  beyond  that  point  it  will  suffice  for  a  reinforcing  plate,  provided 
that  its  sectional  area  be  great  enough.  If  not,  an  additional  short  cover- 
plate  or  splice-angle  will  have  to  be  employed.  It  is  rarely  necessary  to 
splice  flange  angles,  8"  X  8"  angles  130  feet  long  having  been  secured 
for  some  recent  girders. 

The  simplest  form  of  flange  consists  of  two  angles,  as  shown  in  Fig.  21/. 
This  type  should  generally  be  adopted  wherever  sufficient  sectional  area 
can  be  obtained  without  the  use  of  unduly  heavy  angles — say  6"  X  6" 
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Fig.  21/.  Fig.  2lg.  Fig.  21/i.  Fig.  2U.  Fig.  21/ 

Typical  Flange  Sections. 

X  %"  as  a  maximum.  It  is  true  that  the  employment  of  cover-plates 
and  angles  for  smaller  sections  will  save  a  small  amount  of  metal,  but 
considerable  additional  riveting  will  be  required,  which  will  offset  a  portion 
of  the  saving;  and,  in  the  case  of  girders  carrying  ties  on  the  top  flanges, 
the  rivet  heads  in  the  horizontal  legs  are  undesirable.  For  light  sections, 
in  which  angles  smaller  than  6"  X  6"  are  employed,  it  will  be  necessary 
to  test  the  rivet  pitch  required  at  the  ends  of  the  girder,  as  frequently  a 
pitch  considerably  less  than  3"  will  be  needed,  and  then  the  adoption 
of  a  double  gauge-line  is  obligatory.  For  such  sections  two  5"  X  3J^", 
6"  X  33^",  or  6"  X  4"  angles  with  the  shorter  legs  outstanding  should 
be  used.  Where  the  single  gauge-line  is  sufficient,  it  will  be  well  to  employ 
unequal-legged  angles  with  the  longer  legs  out,  as  thereby  the  bracing 
jioints  can  be  placed  farther  apart,  or,  in  case  that  the  positions  of  bracing 
points  are  fixed,  the  allowable  stress  in  the  compression  flange  can  be 
increased. 

For  flanges  in  which  two  6"  X  6"  X  H"  angles  fail  to  give  suflHicient 
area,  the  section  most  generally  used  consists  of  two  angles  with  cover- 
plates,  as  shown  in  Fig.  2lg.  Two  6"  X  6"  angles  with  cover-plates  14" 
wide  should  be  employed  for  lighter  sections,  and  two  8"  X  8"  angles 
with  cover-plates  18"  or  20"  wide  for  heavier  sections.  When  two  8"  X  8" 
X  1 3^"  angles  fail  to  give  a  sufficient  proportion  of  the  area  in  the  angles, 
two  vertical  side-plates  under  the  angles  should  be  adopted,  thus  producing 
the  form  of  flange  shown  in  Fig.  21h.    Ordinarily  the  width  of  these  side- 
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plates  should  bo  12",  but  for  very  heavy  flanges  they  may  have  to  be 
wider.  The  cover-plates  may  be  made  as  wide  as  24",  if  necessary.  If 
still  more  section  should  bo  required  (which  would  very  rarely  happen), 
tho  typo  of  flange  shown  in  Fig.  2li  could  be  used.  It  would  be  best  to 
make  the  angles  which  rivet  to  the  cover  plates  8"  X  8"  X  1",  and  the 
others  0"  X  6"  X  1";  however,  four  8"  X  8"  angles  could  be  employed, 
if  necessary. 

Table  21a  gives  good  working  limits  for  the  various  types  of  flanges. 

TABLE  21a 
Limiting  Sections  for  Various  Types  of  Girder  Flanges 


Type 
Section 

Maximum 

or 
Minimum 

Dimensions 
of  Angles 
and  Plates 

Gross  Section 

in 

Sq.  In. 

Net  Section  in  Sq.  In., 

2  1"  Holes  Out  of 
Each  Angle  and  Plate 

2  angles 

Max. 

2  UG"XQ"XH" 

16.88 

13.88 

Min. 

2  L^   6"X6"X3^" 

1  cover-plate  14"X^8" 

11.50 
5.25 

9.50 
4.50 

2— 6"X6"L"  .. 

16.75 

14.00 

14"  cover-plates. 

Max. 

2L^6"X6"XH" 

2  cover-plates  14"  X  H" 

18.18 
17.50 

14.93 
15.00 

35.68 

29.93 

Min. 

2  L^8"X8"X%" 

2  cover-plates  18"XiV" 

19.22 
15.75 

16.72 
14.00 

2— 8"XS"L^  .. 

34.97 

30.72 

18"  cover-plates. 

Max. 

2  L^.8"X8"X1J^" 

3  cover-plates  18" XH" 

33.46 
40.50 

28.94 
36.00 

73.96 

64.94 

Min. 

2  L"8"X8"Xli^" 

3  cover-plates  20"  Xf?" 

33.46 
41.25 

28.94 
37.12 

2— 8"X8"L^  .. 

74.71 

66.06 

20"  cover-plates. 

Max. 

2  L^8"X8"X1H" 

3  cover-plates  20"Xfl" 

33.46 

48.75 

28.94 
43.88 

82.21 

72.82 

A  thickness  of  ^/{s"  is  selected  as  the  maximum  for  the  G"  X  6"  angles 
with  cover-plates,  as  thicker  metal  will  have  to  be  drilled;  and  in  many 
cases  it  would  be  best  to  make  the  6"  X  6"  X  %"  angle  the  Umit,  as 
^/le"  metal  is  a  trifle  heavy  for  punching.  The  area  of  cover-plates  is 
taken  the  same  as  that  of  the  angles,  for  this  proportion  should,  preferably, 
not  be  exceeded.  The  8"  X  8"  X  Vg"  angle  is  the  thinnest  8"  X  8" 
angle  that  should  ever  be  used  in  a  compression  flange,  unless  there  be  a 
full-length  cover-plate;  and  generally  ^/le"  should  be  the  minimum,  as 
the  ^"  thickness  is  a  trifle  under  the  specification  requirement.     The 
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TABLE 

Centres  of  Gravity  and  Gross  and  Net 
distance  of  centre  of  gravity  from  back  of  angle  in  inches 


i*ti_t__ 


Size 

Ys 

V2 

Ys 

Ya. 

y» 

1 

IVs 

X 

y 

X 

y 

X 

V 

X 

V 

X 

V 

X 

V 

X 

V 

8x8 
6  X6 

5  X5t 
4X4 

'i!64 
1.39 
1.14 
1.01 
0.89 

2.19 
1.68 
1.43 
1.18 
1.06 
0.93 
2.47 
2.53 
1.99 
2.08 
1.57 
1.66 
1.75 
1.25 
1.33 
1.13 

"lAI 
0.78 
0.99 
0.83 
1.07 
0.91 
0.75 
1.00 
0.83 
0  88 

2.23 
1.73 
1.48 
1.23 
1.10 
0.98 
2.52 
2.57 
2.03 
2.13 
1.62 
1.70 
1.80 
1.29 
1.37 
1  17 

2.28 
1.78 
1.52 
1.27 
1.15 

2.32 
1.82 
1.57 

2.37 
1.86 
1.61 

2.41 

3V4  X3H 

3X3 

8x6 

1.52 
0.82 
1.03 
0.88 
1.12 
0.95 
0.80 
1.04 
0.87 
0.92 

2.56 
2.62 
2.08 
2.18 
1.66 
1.75 
1.84 
1.34 
1.42 
1.21 

1.56 
0.87 
1.08 
0.93 
1.16 
1.00 
0.84 
1.09 
0.92 
0.96 

2.61 
2.66 
2.12 
2.22 
1.71 
1.79 

1.61 
0.91 
1.12 
0.97 
1.21 
1.04 

2.65 
2.70 
2.17 
2.26 

1.65 
0.96 
1.17 
1.01 

7  X3H 

6x4 

1.94 
2.04 
1.53 
1.61 
1.70 
1.21 
1.28 
1.08 

0.94 
0.78 
1.03 
0.86 
O.70 
0.96 
0.78 
0.83 

6  X3H 

5  X4t 

5  X3H 

5x3 

4  X3V^ 

4x3 

33^  X  3 

GROSS   AREAS   OF  2  ANGLES  IN  SQUARE  INCHES 


Size 


8  X8 

6  X6 

5  X5t 
4  x4 
33^  X3>^ 
3  x3 
8  X6 

7  x3i^ 
X4 
X3K 
X4t 

X3 

X3}^ 

X3 


33^  X  3 


5/16 


3/8 


4.80 
4.18 
3.56 


3.86 


8.72 


7.22 
6.82 
6.46 
6.10 
5.72 
5.34 
4.96 
4.60 


7/16 


10.12 
8.36 
6.62 
5.74 
4.86 


1/2 


8.80 
8.36 
7.94 
7.50 
7.06 
6.62 
6.18 
5.74 
5.30 


5/8 


50  10. 


62(11 
.0611 
.50  10 
.94  9 
.36 
,80 
.24 
.68 


11/16 


3/4 


06  22.88 
56|16.88 
80  13.88 
06  10.88 
9.38 


1012 
46111 
84!  10 
22  10 
60[  9 
96  8 
34   8 


19.88 
14.62 
8013.88 
12!l3.12 
44j  12.38 
74'll.62 


00 


10.88 
10.12 
9.38 
8.62 


13/16 


7/8 


15/16 


24.68  26.46  28.24 
18,18il9.48|20.74 


14.94  15.96 

11.68 

10.06 


21.44  22.96 
15.74^16.84 
14.94[15.96 
14.12,15.10 
13.30  14.22 
12.5013.34 
11.68 
10.86 
10.06 
9.24 


17.00 


24.50 
17.94 
17.00 
16.06 


11/16 


30.0031.74 

22.00 

18.00 


26.00 
19.00 
18.00 
17.00 


11/8 


33.46 


t  Difficult  to  obtain. 
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Areas  of  Angles  for  Girder  Flanges 

NET  areas   of   2   angles  IN   SQUARE   INCHES — 2    1-INCH   HOLES   DEDUCTED 


Size 

5/16 

3/8 

7/16 

1/2 

9/16 

5/8 

"/16 

3/4 

13/16 

7/8 

15/16 

1 

11/16 

11/8 

8x8 

14.50 
10.50 
8.50 
6.50 
5.50 
4.50 
12.50 
9.00 

16.23 

17  97 

19.68 
14.18 
11.43 
8.68 
7.30 

21.38 
15.38 
12.38 
9.38 

7.88 

23.05 
16.55 
13.31 
10.05 
8.43 

24.71 

?fi  36 

28.00  29  62 

31.21 

6  X6 

4.17 
3.55 
2.93 

7.97 
6.47 
4.97 
4.21 
3.47 

9.24 
7.48 
5.74 
4.86 
3.98 

11.7312.97 
9.50  10.47 
7.23   7.97 
6.11    6.71 
5.00|  5.47 
14.0015.47 
10  05  n  09 

17.73;  18.86 
14.21  15.12 

?0  00 

5  X  5t 

16.00 

4x4 

Zli  x  3^^ 

3  X3 

8x6 

16.92 

12.12 

11.42 

10.74 

10.06 

9.36 

8.68 

7.98 

7.30 

6.62 

18.38 
13.12 
12.38 
11.62 
10.88 
10.12 
9.38 
8.62 
7.88 
7.12 

19.82 
14.11 
13.31 
12.49 
11.67 
10.87 
10.05 
9.23 
8.43 
7.61 

21.21 

??  (\9. 

24.00 
17.00 
16.00 
15.00 

7  X3H 

7.92 
7.48 
7.06 
6.62 
6.18 
5.74 
5.30 
4.86 
4.42 

15.0916.06 
14.2115.12 
13.35  14.18 

6  X4 

4'49 
4.17 
3.87 
3.55 
3.23 

6.47 
6.07 
5.71 
5.35 
4.97 
4.59 
4.21 
3.85 

8.50   9.50  10.47 
8.00   8.93   9.85 

6  x3H 

5  X4t 

7.50   8.37 

9.21 
8.59 
7.97 
7.35 
6.71 
6.09 

12.47 
11.59 

5  X3H 

7.00 
6.50 
6.00 
5.50 
5.00 

7.81 
7.23 
6.67 
6.11 
5.55 

5  X3 

4  X3H 

4x3 

3}/$  X3 

NET  AREAS   OF  2   ANGLES  IN  SQUARE  INCHES — 4    1-INCH   HOLES   DEDUCTED 


Size 

5/16 

3/8 

7/16 

1/2 

9/16 

5/8 

11/16 

3/4 

13/16 

7/8 

15/16 

1 

11/16 

11/8 

8  X8 

13.50 
9.50 
7.50 
5.50 
4.50 
3.50 

11.50 
8.00 
7.50 
7.00 
6.50 
6.00 
5.50 

15.11 
10.61 
8.37 
6.11 
4.99 
3.87 
12.88 
8.93 
8.37 
7.81 
7.25 

16.72 
11.72 

18.31 
12  81 

19.88 
13.88 

21.43 
14  93 

22.96 
15.98 
12.46 

24.49 
17.00 
13.25 

26.00 
18.00 
14.00 

27.50 

28.94 

6  X6 

3'55 
2.93 
2.31 

7.22 
5.72 
4.22 
3.46 
2.72 

8.37 
6.61 
4.87 
3.99 
3.11 

5  x5t 

9,2210.05 
6.72:  7.31 
5.46   5.93 

10.88  11.69 

4  x4 

7.88 
6.38 

8.43 
6.81 

3>^  X  3H 

3  X3 

4.22 
14  20 

8  X6 

1.=i  F>?, 

ie. 88  18.20 
11.62,12.49 
10.88111  69 

19.46 
13.34 
12.46 
11.60 
10.72 
9.84 

20,75 
14.19 
13.25 
12.31 

22.00 
15.00 
14.00 
13.00 

7  X3H 

7.05 
6.61 
6.19 
5.75 
5.31 
4.87 
4.43 
3.99 
3.55 

9.84il0.75 
9. 22' 10.05 

6  X4 

3^87 
3.55 
3.25 
2.93 
2.61 

5.72 
5.32 
4.96 
4.60 
4.22 
3.84 
3.46 
3.10 

6  X3i^ 

8.60 
7  96 

9.37 
8.69 
7.99 
7.31 
6.61 
5.93 
5.25 

10.12 
9.38 
8.62 
7.88 
7.12 
6.38 
5.62 

10.87 
10.05 
9.25 
8.43 
7.61 
6.81 
5.99 

5  X4t 

5  X3K 

6.69:  7.34 

5  X3 

6  11 

6.72 
6.10 
5.46 
4.84 

4  X3J^ 

5.00   5.55 

4  X3 

4.50 
4.00 

4.99 
4.43 

3H  X3 

t  Difficult  to  obtain. 
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TABLE  21c 

Cover-Plates  for  Girders 
Areas  and  Weights  per  Lineal  Foot 


14-INCH 

16-INCH 

18-INCH 

20-INCH 

Thickness, 

Wt. 
per 
Foot 
Lbs. 

Area 
Sq.  Ins. 

Wt. 

per 
Foot 
Lbs. 

Area 
Sq.  Ins. 

Wt. 

per 
Foot 
Lbs. 

Area 
Sq.  Ins. 

Wt. 
per 
Foot 
Lbs. 

Area 
Sq.  Ins. 

Inches 

Gross 

Net, 
2  1"- 
Holes 
Out 

Gross 

Net, 
2  1"- 
Holes 
Out 

Gross 

Net, 
2  1"- 
Holes 
Out 

Gross 

Net, 
2  1"- 
Holes 
Out 

1 

T6 

2.97 

0.875 

0.75 

3.40 

1.000 

0.875 

3.83 

1.125 

1.00 

4.25 

1.25 

1.125 

i 

5.95 

1.750 

1.50 

6.80 

2.000 

1.750 

7.65 

2.250 

2.00 

8.50 

2.50 

2.250 

A 

8.92 

2.625 

2.25 

10.20 

3.000 

2.625 

11.48 

3.375 

3.00 

12.75 

3.75 

3.375 

i 

11.90 

3.500 

3.00 

13.60 

4.000 

3.500 

15.30 

4.500 

4.00 

17.00 

5.00 

4.500 

A 

14.88 

4.375 

3.75 

17.00 

5.000 

4.375 

19.12 

5.625 

5.00 

21.25 

6.25 

5.625 

t 

17.85 

5.250 

4.50 

20.40 

6.000 

5.250 

22.95 

6.750 

6.00 

25.50 

7.50 

6.750 

^ 

20.82 

6.125 

5.25 

23.80 

7.000 

6.125 

26.78 

7.875 

7.00 

29.75 

8.75 

7.875 

h 

23.80 

7.000 

6.00 

27.20 

8.000 

7.000 

30.60 

9.000 

8.00 

34.00 

10.00 

9.000 

9 

26.78 

7.875 

6.75 

30.60 

9.000 

7.875 

34.43 

10.125 

9.00 

38.25 

11.25 

10.125 

f 

29.75 

8.750 

7.50 

34.00 

10.000 

8.750 

38.25 

11.250 

10.00 

42.50 

12.50 

11.250 

H 

32.72 

9.625 

8.25 

37.40 

11.000 

9.625 

42.08 

12.375 

11.00 

46.75 

13.75 

12.375 

f 

35.70 

10.500 

9.00 

40.80 

12.000 

10.500 

45.90 

13.500 

12.00 

51.00 

15.00 

13.500 

M 

38.67 

11.375 

9.75 

44.20 

13.000 

11.375 

49.72 

14.625 

13.00 

55.25 

16.25 

14.625 

i 

41.65 

12.250 

10.50 

47.60 

14.000 

12.250 

53.55 

15.750 

14.00 

59.50 

17.50 

15.750 

H 

44.63 

13.125 

11.25 

51.00 

15.000 

13.125 

57.38 

16.875 

15.00 

63.75 

18.75 

16.875 

1 

47.60 

14.000 

12.00 

54.40 

16.000 

14.000 

61.20 

18.000 

16.00 

68.00 

20.00 

18.000 

ii^ 

50.57 

14.875 

12.75 

57.80 

17.000 

14.875 

65.02 

19.125 

17.00 

72.25 

21.25 

19.125 

U 

53.55 

15.750 

13.50 

61.20 

18.000 

15.750 

68.85 

20.250 

18.00 

76.50 

22.50 

20.250 

lA 

56.52 

16.625 

14.25 

64.60 

19.000 

16.625 

72.68 

21.375 

19.00 

80.75 

23.75 

21.375 

u 

59.50 

17.500 

15.00 

68.00 

20.000 

17.500 

76.50 

22.500 

20.00 

85.00 

25.00 

22.500 

1    5 

•lie 

62.47 

18.375 

15.75 

71.40 

21.000 

18.375 

80.33 

23.625 

21.00 

89.25 

26.25 

23.625 

11 

65.45 

19.250 

16.50 

74.80 

22.000 

19.250 

84.15 

24.750 

22.00 

93.50 

27.50 

24.750 

1     7 
^16 

68.42 

20.125 

17.25 

78.20 

23.000 

20.125 

87.98 

25.875 

23.00 

97.75 

28.75 

25.875 

u 

71.40 

21.000 

18.00 

81.60 

24.000 

21.000 

91.80 

27.000 

24.00 

1 

102.00 

30.00 

27.000 

1^ 

74.37 

21.875 

18.75 

85.00 

25.000 

21.875 

95.63 

28.125 

25.00l 

106.25 

31.25 

28.125 

1  1 

77.35 

22.750 

19.50 

88.40 

26.000 

22.750 

99.45 

29.250 

26.00! 

110.50 

32.50 

29.250 

IH 

80.32 

23.625 

20.25 

91.80 

27.000 

23.625 

103.28 

30.375 

27.00 

114.75 

33.75 

30.375 

83.30 

24.500 

21.00 

95.20 

28.000 

24.500 

107.10 

31.500 

28.00 

119.00 

35.00 

31.500 

111 

■I  16 

86.27 

25.375 

21.75 

98.60 

29.000 

25.375 

110.93 

32.625 

29.00 

123.00 

36.25 

32.625 

u 

89.25 

26.250 

22.50 

102.00 

30.000 

26.250 

114.75 

33.750 

30.001 

127.50 

37.50 

33.750 

m 

92.22 

27.125 

23.25 

105.40 

31.000 

27.125 

118.58 

34.875 

31.001 

131.75 

38.75 

34.875 

2 

95.20 

28.000 

24.00 

108.80 

32.000 

28.000 

122.40 

36.000 

32.00 

136.00 

40.00 

36.000 

2A 

98.17 

28.875 

24.75 

112.20 

33.000 

28.875 

126.23 

37.125 

33.00' 

140.25 

41.25 

37.125 

21 

101.15 

29.750 

25.50 

115.60 

34.000 

29.750;'l30.05i 

38.250 

34.00  144.50 

42.50 

38.250 

2A 

104.12 

30.625 

26.25 

119.00 

35.000 

30.625 

133.88 

39.375 

35.00 '148.75 

43.75 

39.375 

24^ 

107.10 

31.500 

27.00 

122.40 

36.000 

31.500 

137.70 

40.500 

36.00 

153.00 

45.00 

40.500 

2A 

141.53 
145.35 
149.18 
153.00 

156.83 

41.625 
42.750 
43.875 
45.000 

46.125 

37.00 
38.00 
39.00i 
40.00 

41.00 

157.25 
161.50 
165.75 
170.00 

174.25 

46.25 
47.50 
48.75 
50.00 

51.25 

41.625 

2| 

42.750 

2A 

43.875 

2h 

45.000 

2A 

46.125 

2^ 

160.65 

47.250 

42.00 

178.50 

52.50 

47.250 

2H 

164.48 

48.375 

43.00 

182.75 

53.75 

48.375 

2J 

168.30 

49.500 

44.00 

187.00 

55.00 

49.500 
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8"  X  8"  X  lys"  angle  is  the  maximum  that  can  be  obtained,  and  the 
maximum  cover-plate  area  is  governed  by  the  requirement  that  not  more 
than  sixty  (60)  per  cent  of  the  flange  section  is  to  be  in  the  cover-plates. 
Where  three  18"  X  %"  cover-plates  fail  to  give  sufficient  area,  the  employ- 
ment of  cover-plates  20"  wide  is  to  be  preferred,  in  order  to  keep  down  the 
number-  of  these,  and  also  the  total  thickness.  The  piling  up  of 
cover-plates  is  bad  practice;  first,  because  the  rivets  become  so  long  that 
they  do  not  fill  the  holes  properly,  and  second,  because  it  is  very  difficult 
to  distribute  the  stress  uniformly  over  a  section  composed  of  a  mass  of 
cover-plates. 

In  order  to  facilitate  the  designing  of  flanges.  Tables  216,  21c,  and  21d, 
and  Fig.  21k  have  been  prepared.  Table  216  gives  the  position  of  the 
centre  of  gravity  of  any  angle;  and  also,  for  two  angles,  the  gross  areas, 
the  net  areas  with  one  one-inch  hole  out  of  each  angle,  and  the  net  areas 
with  two  one-inch  holes  out  of  each  angle.  Table  21c  gives,  for  various 
cover-plates,  the  weights  per  lineal  foot,  the  gross  areas,  and  the  net  areas 
with  two  one-inch  holes  out.  Table  2ld  shows  the  positions  of  the  centres 
of  gravity  of  flanges  composed  of  two  angles  with  cover-plates.  Fig.  21k 
shows  directly  the  various  combinations  of  angles  and  cover-plates  that 
will  give  any  desired  net  sectional  area.  The  combinations  for  which 
one-half  of  the  flange  area  will  be  in  the  cover-plates  are  indicated,  as  are 
also  those  for  which  sixty  per  cent  thereof  is  in  the  said  cover-plates. 

Some  engineers  require  that  the  first  cover-plate  of  a  flange  shall  extend 
the  full  length  of  the  girder,  but  the  author  sees  no  good  reason  for  such 
a  requirement.  The  idea  in  it  apparently  is  to  distribute  the  load  from  the 
ties  over  both  angles  of  the  top  flange,  and  then  to  make,  as  usual,  both 
flanges  alike;  but  it  would  be  far  better  to  support  the  top  flanges  effec- 
tively by  using  stiffeners  with  long  outstanding  angle-legs.  It  has  been 
claimed  by  some  that  the  cover-plate  prevents  the  brme  drippings  of 
refrigerator  cars  from  working  down  between  the  flange  angles  and  the 
web;  but  the  author  has  never  seen  any  trouble  of  that  nature  from  this 
cause,  although  the  tops  of  the  flanges  are  frequently  rusted  thereby. 

When  cover-plates  fourteen,  eighteen,  or  twenty  inches  wide  are  used, 
there  should  be  four  lines  of  rivets  fastening  them  to  the  flange  angles, 
those  in  the  two  inner  rows  being  staggered  with  those  in  the  two  outer 
rows.  When  twenty-two  or  twenty-four  inch  cover-plates  are  adopted, 
this  same  riveting  should  be  used,  and,  in  addition,  there  should  be  a  line 
of  rivets  along  each  edge  of  the  cover-plates  outside  of  the  angles. 

The  fact  that  the  rivet  heads  in  the  cover-plates  are  undesirable  when 
ties  rest  directly  on  the  top  flange  has  already  been  mentioned.  For  this 
reason  a  number  of  railways  specify  that  for  bridges  of  this  type  cover- 
plates  shall  not  be  used  for  the  top  flanges.  When  designing  girders  to 
meet  this  requirement,  light  flanges  should  be  made  up  of  two  angles; 
and  when  the  required  annis  are  gr(>ater  than  can  be  ])rovided  for  in  this 
manner,  the  bottom  flange  should  consist  of  two  angles  with  cover-plates, 
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and  the  top  flange  of  four  angles  either  with  or  without  side-plates,  ar- 
ranged as  shown  in  Fig.  21j.  The  distance  from  back  to  back  of  the 
two  pairs  of  angles  should  be  about  one-half  of  an  inch  greater  than  the 
sum  of  the  lengths  of  the  two  vertical  legs,  in  order  to  provide  for  possible 
overruns  of  the  angles.     Table  21e  shows  the  manner  in  which  such  flanges 

may  be  built  up. 

TABLE  21e 

Make-up  of  Flanges  Without  Cover-Plates 


Type  of 
Section 

Dimensions  of 
Angles  and  Plates 

Gross  Section 

in 
Square  Inches 

Distance  Back  to 

Back  of  Angles 

in  Inches 

2  L^6"X&"X'J4"  maximum 

19.48 

2L^ 

2L^8"X6"X(M"-K")--- 

19.88-22.96 

2L'8"X8"X(M"-K")... 

22.88-26.46 

4     L'    6"X4"X(H"-%") 
6}4"  side-plates 

19.00-27.76 

8,1 2" 

2  U  6"X6"X(H"-^4").. 

2     L'     6"X4"X(>^"-M") 

8}^"  side-plates 

11.50-16.88 
9.50-13.88 

lOVz" 

4  L^  3,nd  side-plates 

4     U    6"X6"X(H"-ii") 
lOj^"  side-plates 

31.12-36.36 

12^2" 

4     L'    8"X6"X(ir'-l") 
10"  side-plates 

36.60-52.00 

12}^" 

4    L^   8"X8"X(K"-U^") 
133^"  side-plates 

52.94-66.92 

16^" 

The  use  of  very  heavy  angles  for  the  two-angle  flanges  is  justified  in  this 
case,  as  it  allows  both  flanges  to  be  alike,  thus  simplifying  the  shopwork, 
and  also  gives  a  greater  effective  depth  for  the  same  web  than  does  the 
four-angle  flange.  The  8"  X  8"  angles  should  not  be  used  for  shallow 
girders,  however.  Whenever  unequal-legged  angles  are  adopted  for  either 
type  of  flange,  the  longer  leg  is  to  be  outstanding.  The  6"  X  4"  angles 
are  preferable  to  the  6"  X  6",  as  for  the  same  web  the  effective  depth 
is  greater.  However,  it  will  sometimes  be  impossible  to  place  enough 
rivets  in  the  upper  pair  of  a  four-angle  flange  when  the  6"  X  4"  angles 
are  used,  and  in  that  case  the  6"  X  G"  angles  must  be  employed,  keeping 
the  lower  angles  6"  X  4"  if  possible.  The  8"  X  6"  angles  are  preferal)le 
to  the  8"  X  8",  as  they  make  the  effective  depth  greater. 

With  flanges  of  the  type  shown  in  Figs.  2k"  and  2lj  it  is  impossible 
to  make  the  stiffening  angles  continuous  for  the  full  depth  of  the  web, 
for  they  must  be  cut  at  the  inner  angles  of  each  flange,  as  shown  in  Fig. 
2lw.  The  stiff eners  must  fit  tightly  between  the  angles  of  the  flanges. 
It  is  the  author's  practice  to  insert  short  stiffeners  in  the  top  flange  mid- 
way between  consecutive  main  intermediate  stiffeners,  so  as  to  support 
the  ties  effectively.     Owing  to  the  discontinuity  of  all  of  the  stiffeners, 
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there  is  a  horizontal  line  of  weakness  in  the  web  just  inside  of  the  inner 
pair  of  angles  in  each  flange;  but  the  detail  of  the  sway  frames  shown  in 
Fig.  2hc,  which  the  author  always  employs  for  girders  with  this  tj-pe  of 
flange,  will  overcome  this  weakness,  if  it  really  exists. 

As  the  allowable  stress  in  the  compression  flange  is  dependent  on  the 

ratio  -T-,  where  /  is  the  distance  between  the  points  where  the  flange  is  held 

in  line  transversely  and  b  is  the  flange  width,  economy  will  evidently  be 
secured  by  bracing  it  at  rather  short  intervals.  It  is  further  required  by 
the  specifications  of  Chapter  LXXVIII,  however,  that  the  section  of  the 
compression  flange  shall  not  be  less  than  the  gross  section  of  the  tension 

flange.    Table  21/  gives,  for  flanges  of  various  types,  the  ratios  -  and  lengths 

/  at  which  the  required  area  of  the  compression  flange  will  about  equal 
the  gross  area  of  the  tension  flange.  The  values  are  approximate  only, 
as  the  correct  ones  vary  somewhat  with  the  changes  in  the  thickness  of 
metal,  and  in  the  proportionate  amount  of  flange  area  furnished  by  one- 
eighth  of  the  web.  It  will  be  found,  though,  that  small  variations  in  the 
length  will  have  but  little  effect  on  the  required  sections,  and  that  lengths 
somewhat  greater  than  those  given  in  the  table  can  be  used  with  little 
or  no  loss. 

TABLE  21/ 

Table  of  Unsupported  Lengths  of  Top  Flanges  for  Which  the  Same  Cross 
Area  is  Required  in  Tension  and  Compression 


Section  of 
Bottom  Flange 

Number  of  1"  Holes 
Deducted 

4- 

Top  Flange 

Value  of  I  in  Feet 
FOR  Top  Flange 

Top  Flange 
Same  as  Bottom 

Special  Top 
Flange 

2-8"  X8"  V 

18"  cover-plates  ) 
2-8"  X8"  L^ 

2  out  of  each  plate  and  L 
2  out  of  each  |_ 

8.5 

9.0 

4.7 

8.9 

10.5 
5.3 

11.0 

12.4 

6.2 

7.5 

8.0 

8.3 

8.7 

8.2 

9.0 

10.2 

10.2 

11.1 

12.0 

12.8 

12.3 
6.4 

13.4 

14.3-10.8 

12.8 

12.8 

6.4 
7.7-5.2 
8.2-4.9 
7.2-5.0 
7.5-4.6 

5.7 
6.6-5.8 
7.1-5.4 

6.2 
6.8-5.9 

6.4 

8"  L-11-6 

2-8"  X8"  ]J 

1  out  of  each  |_ 

2-8"  X 6"  L"          [ 

18"  cover-plates  f 

2-8" X6"  L' 

2  out  of  each  plate  and  L 
2  out  of  each  L 

8"  L'-12.1 

2-8"  X6"  L^ 

1  out  of  each  [_ 

2-6"  X 6"  L^          [ 

14"  cover-plates  ) 

2-6"  X6"  L^ 

2  out  of  each  plate  and  L 
2  out  of  each  (_ 

6"  L -11.4 

2-6"  X6"  \J 

1  out  of  each  |_ 

2-6"  X4"  L^ 

1  out  of  eacli  |_ 

2-6" X3H"  U-  ■  ■ 

1  out  of  each  L 

2-5" X3H"  U- 

1  out  of  each  |_ 

2-5" X3"  \J 

1  out  of  each  |_ 

2-4"  X4"  \J 

1  out  of  each  I_ 

2-4"  X3H"  L^ 

1  out  of  each  |_ 

2-4"  X3"  L' 

1  out  of  each  1_ 

2-3i^"X3H"  V 

1  out  of  each  |_ 

2-31^" X3"  L' 

1  out  of  each  |_ 

2-3"  X3"  L' 

1  out  of  each  [_ 
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In  Table  21/  the  values  for  flanges  with  angles  and  cover-plates  as- 
sume six-tenths  (0.6)  of  the  flange  area  to  be  in  the  cover-plates.  The 
ratios  for  the  same  angles  without  cover-plates  also  appear  in  the  tables; 
and  for  varying  proportions  of  cover-plates  the  ratios  can  be  found  by 
interpolation.  For  angles  smaller  than  6"  X  6"  which  have  two  holes 
out  of  each  angle,  either  with  or  without  cover-plates,  the  ratio  will  exceed 
twelve ;  and,  therefore,  no  values  are  given  in  the  table. 

In  the  design  of  a  flange  for  a  girder,  the  maximum  bending  moment 
is  first  figured.  The  depth  of  the  girder  is  then  determined  in  the  manner 
previously  explained.  The  type  of  flange  to  be  used  is  next  decided 
upon.  Then  the  po.sitions  of  the  centres  of  gravity  of  the  flanges  must 
be  found.  For  flanges  of  two  angles  only,  these  can  be  taken  from  the 
manufacturers'  handbooks  or  from  Table  216.  For  flanges  composed  of 
two  angles  and  one  or  more  cover-plates,  the  values  can  be  taken  from 
Table  21c?.  For  four-angle  flanges  or  for  flanges  with  side  plates,  the  dis- 
tances will  have  to  be  calculated.  In  case  the  centre  of  gravity  lies  be- 
yond the  backs  of  the  angles  of  the  flanges,  it  should  be  assumed  to  be  at 
that  point  instead.  After  the  centres  of  gravity  of  the  flanges  have  been 
determined,  the  effective  depth  d  (the  distance  between  centres  of  gravity 
of  the  flanges)  is  figured,  and  then  the  maximum  flange  stress  is  computed 
by  the  formula, 

M 
5f  =  ^.  [Eq.  2] 

Then  the  required  areas  of  the  tension  and  the  compression  flanges  are  cal- 
culated by  the  formulae : 

At  =  j^  -\a^,  [Eq.  3] 

A,=j^-\a^,  [Eq.4] 

in  which  At  =  required  net  area  of  tension  flange, 

Ac  =  required  gross  area  of  compression  flange, 
Aw  =  gross  area  of  web, 
ft  =  permissible  tensile  unit  stress, 
fc  =  permissible  compressive  unit  stress. 
It  is  assumed,  of  course,  that  the  points  at  which  the  top  flange  is  to  be 
stayed  have  already  been  determined,  as  discussed  previously. 

The  two  flanges  are  now  to  be  sectioned,  taking  into  account  all  of 
the  factors  hereinbefore  noted. 

The  rivet  pitch  required  at  the  ends  of  the  girder  must  be  determined 
before  the  make-up  of  flanges  is  finally  settled,  as  it  may  influence  the 
choice  of  the  section.  The  principal  function  of  the  rivets  connecting  the 
flange  to  the  web  at  any  point  is  that  of  developing  the  flange  increment 
at  that  particular  point,  which  increment  always  acts  in  a  direction  parallel 
to  the  flange.     They  are  frequently  called  upon  to  perform  other  duties, 
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such  as  transferring  to  the  web  vertical  loads  resting  on  the  top  flange, 
helping  to  develop  the  bending  strength  of  the  web  at  a  splice,  and  trans- 
ferring to  the  web  the  radial  component  of  the  stress  in  bent  or  curved 
flanges. 

For  girders  with  parallel  flanges,  the  flange  stress  increment  A  S  per 
lineal  inch  is  given  by  the  formula. 


''  =  1' 


[Eq.  5] 


where  V  =  shear  at  the  section, 

and  d  —  effective  depth  at  the  section  in  inches. 

The  required  rivet  pitch  p,  in  inches,  is  then  given  by  the  expression, 

where  r  =  the  strength  of  one  rivet  (usually  in  bearing  on  the  web). 

For  girders  Avith  flanges  not  parallel,  the  flange  increment  depends 
on  the  moment  M  at  the  section  as  well  as  upon  the  shear  V.  For  a  gir- 
der with  V  and  M  acting  in  the  directions  shown  in  Fig.  211,  and  with 
flanges  inclined  as  therein  indicated,  the  values  of  the  flange  increments 
may  be  derived  in  the  following  manner: 


Fig.  211.     Girder  with  Inclined  Flanges. 

Let  M  =  moment  at  section, 

V  =  shear  at  section, 

Oi  =  tangent  of  inchnation  of  top  flange, 

Qi  =  tangent  of  inclination  of  bottom  flange, 

di  =  depth  in  inches  at  point  0,  distant  x  to  right, 

d  =  depth  in  inches  at  section, 

Si  =  stress  in  top  flange, 

S2  =  stress  in  bottom  flange. 
Then  we  have 

fl  =  d^  -\-  (tti  -\-  OtjX, 


[Eq.  7] 
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and 


Si  = 


82  = 


d 


d 


Differentiating  with  respect  to  x,  we  have 
did) 


dx 


=   Ol   +   «2, 


Chapter  XXI 

[Eq.  8] 

[Eq.  9] 
[Eq.  10] 


dSi 
dx 


=  V  1  +  ai^ 


dx  dx   I 


d' 


d 


and 


dSi  ^  V^Jl-\-a./  -  Sijai  +  ad 
dx  d 


[Eq.  11] 


[Eq.  12] 


These  equations  give  the  values  of  the  flange  increments  per  inch  in 
the  direction  of  x.  The  values  A  Si  and  A  S2  per  inch  along  the  flanges 
are  given  by  the  expressions, 

ai  +  a2 


V  -  Si 


AS,= 


V  1  +  a^i 


and 


V  -  S2 


AS2  = 


d 


ai  +  a2 
Vl  +  a22 


d 


[Eq.  13] 


[Eq.  14] 


The  pitch  pi^  required  in  the  top  flange  in  a  direction  parallel  to  x  is  then 

rd 


^'"      FV  1  +  ai^  -  Siiai  +  a^y 

while  for  the  bottom  flange  it  is 

_  rd 

The  pitches  measured  along  the  flanges  are 


Pt  = 


rd 


V  -  Si 


and 


Pb  = 


V  -  .So 


oi  +  a2  ' 

V  1  +  ai^ 

rd 

VI  +  aa^ 


[Eq.  15] 


[Eq.  16] 


[Eq.  17] 


[Eq.  18] 
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In  case  the  top  flange  is  horizontal  (which  is  usually  true)  ai  =  0,  and 
the  above  equations  then  take  the  form, 

vd 

?"'  =  '"  =  -F^A^'  ^'^- '»' 

FV  1  +  02^   —   02  02 

and  pb  = '^ .  [Eq.  21] 

The  actual  shear  on  the  web,  F^,,  at  the  section  is 

Vu,  =  T^  -  S,    ,/!_     ,  -  S,    ./_:      ,  =  F  -  f  (a,  +  o,).  [Eq.  22] 

V  1  +  oi^  V  1  -J-  02^  " 

If  the  top  flange  be  parallel  to  x,  this  equation  becomes 

^-  =  V  -  &  -r=-,  =  y-  ^'-  [Eq-  231 

V  1  +  a^  o 

One  special  case  should  be  noted,  viz.,  that  in  which  there  is  only 
one  force  to  the  right  of  the  section,  which  is  therefore  equal  to  F.  In 
this  case  the  location  of  the  force  should  be  chosen  as  the  point  0,  and  we 
then  have 

M  =  Vx,  [Eq.  24] 


Fa:  V  1  -^  a-?  r-r-,      r.^i 

^1  =  ■ -,  [Eq.  25] 

a 

,  „       Fx  V  1  -F  02^ 

and  *S2  =  ; .  [Eq.  26] 

a 

The  values  of  the  rivet  pitches  then  become 

rd 


^^                              Fa:  V  1  +  a^^  /             \ 

T7-        /     -1        1              O                  •     -^^       V      J- I     1      "■!                            ,                  \ 

FVl  +  Oi^-                         yai-\-(hj 

rd"                                 rd'' 

[Eq.  27] 

V^l+a,\4-.(a.,+a^      F4  V  1  +  a.^' 

rd' 

[Eq.  28] 

^"^       Fdi  V  1  4-  02^' 

rd'' 
and                                    p,  =  v,  =  y^^- 

[Eq.  29] 

The  shear  on  the  web,  V^,  is 

X   /              \~1 

V„=V     1  -  — (ai  +  02)     . 
L-          d  \             /J 

[Eq.  30] 
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If  the  top  flange  be  parallel  to  x,  the  above  equations  become 

Vix  =  Vt  =  Vb  =  Yd'  ^^^*  ^^^ 

Vh.  =  ^,     I,.      ,,  [Eq.  32] 

Vdi  V  1  +  a2^ 

and  V^  =  V  (^l-~).  [Eq.  33] 

If  the  flanges  meet  at  the  point  0,  so  that  di  =  0,  and  d  =  x  (ai  -\-  oo) , 

Ptx  =  Vbx  =  Vt  =  Vb  =  "^7  [Eq.  34] 

and  y„,  =  0.  [Eq.  35] 

In  this  case,  therefore,  the  shear  on  the  web  is  zero,  and  since  the 
required  pitch  of  rivets  is  infinite,  the  flange  stress  increment  is  zero. 

The  directions  of  the  inclinations,  shears,  and  moments  have  been 
chosen  to  correspond  to  those  usually  found  in  cantilever  beams  supported 
at  the  left  of  the  section,  these  beams  being  the  only  ones  for  which  these 
formulse  will  often  be  used.  They  will  usually  have  the  top  flange  hori- 
zontal, and  generally  there  is  quite  a  stretch  near  the  end  which  has  a  con- 
centrated load  at  the  outer  end  only,  which  explains  why  formulse  for 
those  special  cases  are  given.  In  case  the  inclination  of  a  flange  is  oppo- 
site to  that  shown  in  the  sketch,  a  will  become  minus.  If  both  V  and 
M  become  opposite  in  direction,  the  formulae  will  still  apply  unchanged; 
but  if  only  one  of  them  is  changed,  the  minus  sign  following  the  V  in 
each  denominator  will  become  plus.  If  M  reverses  in  direction,  the 
airows  indicating  the  direction  of  Si  and  *S2  are  to  be  reversed. 

The  pitch  p  in  inches  required  to  support  a  vertical  load  on  a  flange 
is  given  by  the  formula 

P=-=4  [Eq.36] 

w       W 

in  which  r  =  strength  of  one  rivet, 

w  =  uniform  load  per  lineal  inch, 

W  =  &  concentrated  load, 

and  I  =  length  in  inches  over  which  the  concentrated  load  is  assumed 

to  be  uniformly  distributed. 

In  general,  there  will  be  acting  on  any  rivet  the  force  from  the  flange 

iiicrement,  as  well  as  that  from  the  vertical  load.     If  we  call  the  pitch 

required  for  the  flange  increment  yn,  and  that  for  the  vertical  load  p»,  we 

have,  for  a  horizontal  flange, 

\  =  \  +  \,  [Eq.37] 

where  -p  =  pitch  required  for  both  flange  increment  and  vertical  load.    This 
may  be  put  in  the  form 
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The  curves  in  the  upper  part  of  Fig.  2hn  give  values  of  p  for  various 
values  of  p^  and  p^. 

When  a  flange  is  curved  to  a  radius  R,  the  radial  force  F  per  lineal  inch 
is  given  by  the  formula 

F  =  -^,  [Eq.  39] 

whens  S  =  flange  stress, 

and     R  =  radius  in  inches. 

The  pitch  required  is  then  given  by  the  formula 

rR 

P  =  'j,  [Eq.  40] 

where  r  =  strength  of  a  rivet. 

This  load  should  be  treated  in  the  same  manner  as  a  vertical  load 
resting  directly  on  the  flanges. 

The  preceding  discussion  on  rivet-pitches  has  applied  specifically  to 
the  rivets  connecting  the  angles  to  the  web,  and  to  those  in  flanges  com- 
posed of  two  angles  or  of  two  angles  and  one  or  more  cover-plates.  After 
the  angles  are  fully  developed,  the  flange  increment  must  pass  entirely  to 
the  cover-plates.  Generally,  sufficient  rivets  for  this  purpose  are  employed 
as  a  matter  of  detail,  because  the  rivets  through  the  cover-plates  should 
line  up  with  those  in  the  angles,  thus  giving  two  single  shear  rivets  to 
one  in  bearing  on  the  web.  This  point  should  not  be  overlooked,  how- 
ever. It  ^^^ll  frequently  be  found  possible  to  make  the  rivet  spacing  in 
the  cover-plates  double  that  in  the  flange-to-web  connection.  But  at 
each  end  of  each  cover-plate  close  spacing  is  required  by  the  specifications 
of  Chapter  LXXVIII. 

Where  side-plates  are  used  under  the  angles,  they  will  project  beyond 
them,  and  hence  there  will  be  rivets  through  the  side-plates  and  the  web 
only,  in  addition  to  those  that  pass  through  the  flange  angles  also.  In 
the  end  portion  of  the  girder  all  of  these  rivets  will  count  in  bearing  on 
the  web.  After  the  angles  and  the  side-plates  are  fully  developed,  all 
of  the  flange  increment  must  go  to  the  cover-plates,  and  the  pitch  will 
be  governed  either  by  the  bearing  of  all  of  the  rivets  on  the  girder  web, 
or  by  the  double  shearing  strength  of  those  passing  through  the  angles 
only.  The  effect  of  a  vertical  load  upon  the  flanges  must  be  considered 
on  the  double  shear  value  of  the  rivets  through  the  angles  only,  or  on  the 
bearing  value  of  all  rivets  acting  on  the  web. 

W^hen  a  four-angle  flange  is  used,  it  will  be  best  to  consider  any  ver- 
tical load  to  be  carried  entirely  by  the  rivets  in  the  upper  pair  of  angles, 
while  the  flange  increment  is  to  be  divided  between  the  two  pairs.  In 
the  end  portion,  the  increment  should  be  divided  in  proportion  to  the 
areas  of  the  angles;  but  after  the  angles  are  fully  developed,  it  should 
be  divided  equally  between  the  two  lines,  as  all  of  it  goes  into  the  side- 
plates.      In  this  case,  however,  a  part  of  the  vertical  load  could  be  con- 
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sidered  to  travel  out  to  the  side-plates,  and  then  through  the  lower  rivets 
into  the  web. 

In  problems  of  the  nature  of  these  latter  ones,  it  will  frequently  be 
found  desirable  to  figure  the  flange  increment  and  the  vertical  loads  per 
lineal  inch  rather  than  the  pitches,  as  the  study  of  the  stresses  on  the 
various  lines  of  rivets  can  be  analyzed  more  clearly  in  this  manner.  The 
combined  effect  of  the  horizontal  and  the  vertical  forces  on  any  rivet  can 
be  easily  determined.  The  lower  portion  of  Fig.  21n  can  be  used  to 
advantage  for  this  purpose;  and  by  projecting  upward  to  the  top  portion 
of  this  figure  the  pitch  required  for  any  given  thickness  of  web-plate  can 
be  found. 

It  is  to  be  noted  that  in  all  the  cases  above  considered  the  flange  in- 
crement has  been  figured  as  though  the  entire  moment  were  carried  by 
the  flanges.  This  leads  to  errors  on  the  side  of  safety  in  the  end  portion 
of  girder^  where  a  part  of  the  moment  is  remaining  in  the  web,  but  is  cor- 
rect after  the  bending  strength  of  the  web  has  been  brought  fully  into 
play.  When  drawing  up  the  details,  it  should  be  remembered  that  the 
figured  rivet-pitches  at  the  ends  are  a  little  smaller  than  those  actually 
required,  and  that  the  use  of  pitches  just  a  trifle  larger  than  these  values 
will  do  no  harm. 

If  the  rivet-pitch  required  for  horizontal  shear  at  the  ends  of  a  girder 
is  known,  the  pitch  required  for  the  horizontal  shear  at  any  other  point 
at  which  the  shear  has  been  figured  can  be  found  therefrom  very  quickly 
by  the  rule  that  the  rivet-pitches  will  vary  inversely  as  the  shears,  pro- 
vided that  the  depth  of  the  girder  is  unchanged.  For  the  quick  compu- 
tation of  the  pitches  throughout  the  flanges  of  railway  girders  without 
panels,  the  diagram  in  the  lower  portion  of  Fig.  21m  has  been  prepared. 
In  order  to  use  this  diagram,  the  pitches  required  at  the  ends  for  hori- 
zontal shear  and  vertical  loads  are  first  determined  separately.  The 
pitches  required  for  horizontal  shear  at  various  points  of  the  span  are 
then  found  by  means  of  the  curves  in  the  lower  portion  of  the  diagram. 
By  projecting  the  values  of  the  pitches  for  horizontal  shear  vertically  up 
to  the  horizontal  line  representing  the  pitch  required  by  the  direct  vertical 
load,  the  pitch  for  combined  horizontal  shear  and  vertical  loads  can  be 
read  directly  by  means  of  the  diagonal  curves.  Should  there  be  no 
vertical  load  on  the  flange,  the  pitches  at  the  various  points  can,  of 
course,  be  determined  by  means  of  the  curves  in  the  lower  part  of  the 
diagram  only. 

In  making  the  design  of  the  girder,  it  is  generally  customary  to  figure 
the  rivet-pitches  only  at  the  ends  of  the  girders  and  at  the  ends  of  the 
cover-plates,  the  latter  pitches  being  taken  approximately  for  the  purpose 
of  figuring  the  net  section  of  the  flanges.  Later,  in  the  detaiUng,  the 
values  at  a  sufficient  number  of  points  are  determined  so  as  to  permit 
of  the  proper  detailing  of  the  girder.  Usually,  the  pitch  should  be  kept 
constant  from  one  stiffener  to  the  next,  and  the  pitches  should  be  in  even 
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Fig.  21m.      Rivet-pitches  in  Girder  Flanges  for  Combined  Shear  and  Direct  Loads. 
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quarter-inches.  The  number  of  different  pitches  used  should  generally 
be  small,  even  though  a  few  rivets  be  wasted  thereby.  It  will  be  neces- 
sary for  the  detailer  to  check  the  net  section  at  the  end  of  each  cover- 
plate  after  he  has  detailed  the  flange,  revising  the  riveting  or  changing 
the  length  of  the  cover-plate  if  the  section  is  inadequate.  He  must  also 
check  the  strength  at  any  points  where  he  may  have  had  to  take  extra 
holes  out  of  the  flange. 

The  pitch  required  at  web-splices  will  be  treated  later  in  connection 
with  the  design  of  the  web-splice. 

Occasionally  the  strength  of  a  flange  must  be  developed  very  quickly, 
as,  for  instance,  the  bottom  flange  of  a  floor-beam  which  has  been  cut  back 
to  clear  a  pin.  In  this  case  it  will  frequently  be  necessary  to  put  vertical 
side-plates  over  the  flange  angles,  extending  up  and  catching  one  or  more 
Unes  of  rivets  through  the  web  above  them.  Sometimes  it  will  be  found 
that  in  such  a  detail  J^-inch  diameter  rivets  spaced  about  13^-inch  centres 
will  care  for  the  stress,  so  that  the  side-plates  are  not  required  from  this 
standpoint.  However,  when  %-inch  diameter  rivets  in  bearing  on  the 
web  spaced  closer  than  1^-inch  centres  are  required,  the  web  will  be  over- 
stressed  in  shear.     The  shearing  strength  of  a  web  of  thickness  /  is  10,000  t 

per  lineal  inch,  and  this  requires  J^-inch  diameter  rivets  spaced      '  = 

1.75  inches.  Thus  even  if  closely  spaced  rivets  will  care  for  the  stress, 
the  reinforcing  plates  may  be  needed  to  strengthen  the  web. 

After  the  flange  section  at  the  centre  (or,  more  accurately,  at  the  point 
of  maximum  moment)  has  been  figured,  and  the  law  of  variation  of  mo- 
ment and  shear  determined,  the  next  step  in  the  design  is  the  finding  of 
the  lengths  of  the  cover-plates,  or  of  the  side-plates  in  the  case  of  four- 
angle  flanges.  The  most  general  way  of  doing  this  is  to  plot  the  moment 
diagram  to  any  convenient  scale,  as  previously  explained,  and  then  figure 
the  resisting  moments  of  the  various  component  parts  of  the  flange  sec- 
tion, and  plot  these  also  on  the  moment  diagram.  For  the  tension  flange 
(which  will  nearly  always  govern  the  lengths)  the  resisting  moments  of 
the  various  parts  will  usually  not  be  constant  throughout  the  span,  as 
the  closer  rivet-pitches  near  the  end  will  reduce  the  net  sections  some- 
what. From  6"  to  1'  0"  should  be  added  at  each  end  of  the  cover-plate 
to  the  length  determined  in  this  manner,  and  6"  more  if  a  railway  girder 
is  under  consideration,  in  which  the  curve  of  moments  has  been  assumed 
to  be  a  parabola. 

To  illustrate  the  above  method,  suppose  we  wish  to  find  the  lengths 
of  cover-plates  for  the  girder  the  moment  diagram  of  which  is  given  in 
Fig.  21^.  Assume  that  the  web  is  96"  X  %".  The  maximum  moment 
in  the  girder,  as  scaled  from  the  diagram,  is  4,650,000  foot-pounds.  The 
section  required  at  this  point  is  then  calculated  as  follows,  assuming  that 
the  top  flange  is  supported  transversely  every  15  feet,  and  that  the  flange 
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Fig,   21n.     Rivet-pitches  in  Girder  Flanges  for  Combined  Shear  and  Direct  Ivoads. 
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rivets  are  spaced  4'^  centres,  with  one  rivet  only  in  each  leg  of  each  angle 
at  any  one  section.  (Assuming  the  gauges  in  the  cover-plates  as  shown 
in  Fig.  21o  and  those  in  the  angles  as  shown  in  Fig.  2lp,  we  need  to 
count  out  but  two  holes  per  angle  or  plate  at  any  section.) 

7      » cr,      n      4,650,000 
d  =  7.85'.     S  =    '  „' —  =  593,000  lbs. 
7.oo 

S.R.  net  =  37.1  -  3/g  X  96  X  ^  =  32.6  sq.  in. 
/,  =  16,000  -  200  X  15  ^  1.5  =  14,000  lbs.  per  sq.  in. 
S.R.  gross  =  42.4  -  4.5  =  37.9  sq.  in. 
Use  2Ls  8"  X  8"  X  ^%''=  21.06  sq.  in.  gross,  or  18.31  sq.  in.  net. 

1  cov.  pi.  18"  X  ^"  =    9.00  sq.  in.  gross,  or    8.00  sq.  in.  net. 

1  cov.  pi.  18"  X  7i6"  =    7.87  sq.  in.  gross,  or    7.00  sq.  in.  net. 

Total  =  37.93  sq.  in.  gross,  or  33.31  sq.  in.  net. 

The  moments  of  resistance  of  the  various  portions  of  the  flange  at  the 
centre  will  be: 

%  web  =    4.5    X  7.85  X  16,000  =     565,000  foot  pounds. 

Angles  =  18.31  X  7.65  X  16,000  =  2,240,000  foot  pounds. 

}4"  cov.  pi.     =    8.00  X  8.06  X  16,000  =  1,030,000  foot  pounds, 
^le"  cov.  pi.  =    7.00  X  8.13  X  16,000  =     910,000  foot  pounds. 

Total  =  4,745,000  foot  pounds. 
Suppose  that  at  the  ends  of  the  outer  cover-plate  the  rivets  are  spaced 
2^"  centres.  It  is,  therefore,  necessary  to  count  1  -f  0.3  +  0.78  +  0.3  = 
2.38  holes  out  of  each  angle,  and  1  +  0.3  +  1  +  0.3  =  2.6  holes  out  of 
each  cover-plate,  thus  giving  an  additional  net  section  loss  in  the  angles 
of  0.38  X  2  X  "/i6  =  0.52  sq.  in.,  and  in  the  }4"  cover-plate,  of  0.6"  X 
}/2"  =  0-30  sq.  in.     The  moments  of  resistance  are,  therefore,  as  follows: 

3^  web  —     565,000  foot  pounds. 

Angles  =  17.79  X  7.65  X  16,000  =  2,180,000  foot  pounds. 

3^"  cov.  pi.  =    7.70  X  8.06  X  16,000  =     993,000  foot  pounds. 

Total  =  3,738,000  foot  pounds. 
At  the  ends  of  the  inner  cover-plate  suppose  the  rivet  pitch  to  be  23^". 
It  is,  therefore,  necessary  to  count  1  +  0.55  -)-  0.87  +  0.55  =  2.97  holes 
out  of  each  angle,  thus  reducing  the  net  section  of  the  angles  0.97  X  2  X 
^Vie"  =  1-34  sq.  in.  below  that  at  the  centre  of  the  girder.  The  moments 
of  resistance  are,  therefore,  as  follows: 

3/8  web  =     565,000  foot  pounds. 

Angles  =  16.97  X  7.65  X  16,000  =  2,080,000  foot  pounds. 

Total  =  2,645,000  foot  pounds. 

The  moment  of  resistance  of  the  web  should,  strictly  speaking,  be  re- 
figured  for  the  depth  of  7.65  feet,  but  this  refinement  would  not  be  justified. 

The  resisting  moments  of  the  various  portions  of  the  flange  are  then 
plotted  on  tlie  moment  diagram,  and  we  find  by  scaling  that  the  theoretic 
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length  of  the  inner  cover-plate  should  be  49.6',  and  that  of  the  outer  one 
32.7'.  About  one  foot  should  be  added  to  each  end  of  each  plate,  and 
the  plates  should  be  made  symmetrical  about  the  centre  line  of  the  girder, 
thus  giving  the  final  length  of  the  imier  one  as  52',  and  of  the  outer  one 
as  35'. 

It  will  generally  save  considerable  time  to  plot,  instead  of  the  moment 
diagram  shown  in  Fig.  21c,  a  similar  diagram  in  which  the  vertical  ordi- 
nates  represent  areas  in  square  inches  rather  than  moments.  The  curve 
of  flange  areas  required  is  drawn  in  the  same  manner  as  was  the  moment 
diagram,  the  centre  ordinate  being  the  flange  area  required  at  mid-span. 
The  areas  of  the  various  portions  of  the  flange  are  then  plotted,  giving  a 
figure  in  every  way  similar  to  Fig.  21c.  This  method  ignores  the  decrease 
in  the  effective  depth  of  the  gkder  near  the  ends;    and  this  should  be 
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Fig.  21o.     Layout  of  Rivets  in 
Flange  Plates. 


Fig.  21p.     Layout  of  Rivets  in 
Flange  Angles. 


allowed  for  by  making  the  extra  length  added  at  each  end  of  each  cover- 
plate  about  one  foot  and  six  inches. 

For  girders  in  which  the  moment  curve  can  be  assumed  to  be  a  pa- 
rabola, no  moment  diagram  need  be  plotted.  The  length  of  any  cover- 
plate  is  then  foimd  in  the  following  manner: 

Let  A  =  total  flange  area  required  at  the  centre  (including  3^  of  web). 
Ai  =  total  flange  area  remaining  after  the  cover-plate  in  question 
has  stopped  (including  3^  of  web). 
I  =  span  length. 
h  =  cover-plate  length  required. 


Then  / 


.  =  ^1 


A  -  Ai 


[Eq.  41] 


A  and  ^i  will  be  net  sections  at  the  points  in  question  when  figuring  for 
the  tension  flange,  and  gross  sections  when  figuring  for  the  compression 
flange.  The  lengths  of  all  of  the  cover-plates  of  the  girder  can  be  deter- 
mined by  a  single  setting  of  the  shde  rule.  The  quantities  A  —  Ai  are 
first  determined  for  all  of  the  plates.  Then  the  following  rule  is  to  be 
employed : 

Opposite  I  on  scale  D  set  A  on  scale  B.  Then  opposite  any  value  of 
A  —  Ai  on  scale  B  read  the  corresponding  length  h  on  scale  D.  The 
scales  are  assumed  as  numbered  in  the  ordinary  manner.  A,  B,  C,  and 
D,   from   the   top    downward.       To  the    lengths   h  thus   found   should 
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be  added,  for  girders  carrying  uniform  load  only,  from  1'  —  0"  to  1'  —  6'' 
at  each  end,  to  allow  for  the  fact  that  the  decrease  in  effective  depth  near 
the  end  has  been  ignored.  In  the  case  of  a  girder  carrying  steam  railway 
or  electric  railway  loading,  there  should  be  added  from  1'  —  6"  to  2'  —  0" 
at  each  end,  as  the  moment  diagram  for  most  span  lengths  is  a  httle 
above  the  parabola. 

The  question  of  the  computation  of  stresses  in  continuous  plate-gir- 
ders was  discussed  briefly  before.  In  general,  their  design  will  follow  that 
of  simple  beams.  The  effect  of  stress  reversal  is  likely  to  be  large,  and 
must  be  duly  provided  for.  Where  there  is  any  ambiguity,  or  where  a 
settlement  of  a  support  might  alter  materially  the  computed  stresses,  the 
sectioning  should  be  liberal  to  provide  therefor.  Special  end  connections 
will  frequently  be  necessary,  in  order  to  take  care  of  the  moments  at' 
those  points. 

In  the  design  of  a  cantilever  girder  of  variable  depth  which  carries 
concentrated  loads,  the  rivet  pitch  in  any  panel  must  be  figured  at  the 
end  of  the  panel  farthest  from  the  support,  as  both  the  depth  and  the 
flange  stress  are  the  smallest  at  that  point. 

There  are  two  types  of  end  details  in  common  use.  In  one  the  girder 
is  riveted  to  other  steelwork  by  means  of  two  end  connection  angles; 
and  in  the  other  it  rests  on  other  steelwork,  or  on  a  shoe  which  is  carried 
on  the  masonry. 

In  the  first  type  the  flange  angles  usually  run  through  to  the  ends  of 
the  girder,  the  connection  angles  extending  over  their  vertical  legs  and 
having  a  tight  fit  against  their  outstanding  legs.  The  connection  angles 
should  not  be  crimped,  but  fillers  of  the  same  thickness  as  the  flange  an- 
gles should  be  placed  under  them.  Unless  the  girder  be  very  light,  these 
fillers  should  be  three  inches  wider  than  the  leg  of  the  connection  angle 
which  rivets  against  them,  so  as  to  provide  for  a  vertical  row  of  rivets 
beyond. 

It  is  generally  necessary  to  set  the  connection  angles  to  exact  position, 
so  that  the  girder  will  be  of  correct  length,  and  will  fit  the  adjoining  steel- 
work properly.  This  result  can  be  obtained  in  three  ways.  In  the  first 
method  the  web  plate  and  flange  angles  are  cut  a  trifle  shorter  than  the 
finished  length  of  the  girder,  and  the  connection  angles  are  set  to  correct 
position  by  means  of  an  iron  frame.  In  the  second  method  the  web  plate 
and  flange  angles  are  cut  a  little  too  long,  and  are  milled  to  correct  length 
after  assembling.  The  connection  angles  are  then  set  on  with  their  backs 
flush  with  the  ends  of  the  web.  The  third  method  is  similar  to  the  sec- 
ond, except  that  the  connection  angles  are  riveted  to  the  girder  before 
the  milling  is  done.  The  first  method  is  the  easiest,  and  is  the  one  pre- 
ferred by  the  shops.  With  care  in  the  adjusting  of  the  frames,  it  can  be 
made  to  do  very  well  for  I-beams  and  shallow  built  beams.  The  second 
method  will  generally  give  somewhat  better  results,  and  the  third  is  the 
best  of  the  three.     Whenever  it  is  necessary  that  the  flanges  bear  on 
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adjacent  steelwork,  and  for  deep  girders,  either  the  second  or  the  third 
method  must  be  emploj^ed. 

The  rivets  attaching  the  connection  angles  to  the  girder  must  satisfy 
the  following  conditions: 

First.     There  must  be  sufficient  rivets  in  bearing  on  the  web,  passing 
through  the  angles  and  the  fillers,  to  carry  the  total  load  on  the 
comiection. 
Second.     There  must  be  sufficient  rivets  in  double  shear  in  the  angles 

only  to  carry  the  total  load. 
Third.     It  is  preferable  that  there  be  nearly  enough  rivets  in  the  angles 
only  to  carry  this  same  load  in  bearing  on  the  web,  as  it  is  evident 
that  these  rivets  will  be  stressed  more  highly  than  those  that  pass 
through  the  fillers  and  web  only. 
It  is  desirable  that  the  third  condition  l^e  met  if  possible;    and  under 
any  circumstances  both  the  first  and  the  second  ones  must  be  fulfilled. 
The  rivets  in  question  are  almost  invariably  shop-driven. 

The  rivets  connecting  the  end  angles  to  the  supporting  steelwork  must 
first  of  all  be  capable  of  carrying  the  total  load  on  the  connection,  their 
single-shear  value  usually  governing.  However,  these  same  rivets  fre- 
quently carry  the  load  from  another  girder  as  well,  in  which  case  they 
must  also  be  tested  for  their  bearing  value  on  the  supporting  plate  when 
the  two  girders  are  loaded  simultaneously.  For  example,  the  rivets  con- 
necting the  end  angles  of  the  longitudinal  girders  of  a  viaduct  to  the  dia- 
phragm web  of  a  column  must  be  able  to  carry  the  end  shear  of  one  girder 
when  figured  at  their  single-shear  value,  and  also  the  maximum  reaction 
on  the  column  from  the  two  girders,  using  in  this  latter  case  their  value 
in  bearing  on  the  said  web.  Frequently  the  thickness  of  the  diaphragm 
web  has  to  be  increased  to  provide  for  this  condition  of  loading. 

When  a  single  line  of  rivets  in  each  leg  of  the  connection  angles  pro- 
vides sufficient  strength,  the  said  angles  should  usually  be  33/^"  X  ^^2^', 
or  sometimes  4"  X  4"  or  4"  X  33^",  in  order  to  permit  rivets  in  the  two 
legs  to  be  driven  opposite  without  having  to  flatten  the  heads  of  those 
first  driven.  Where  a  single  line  fails  to  give  sufficient  rivets  in  one  leg 
only,  5"  X  33^",  6"  X  3^",  6"  X  4",  or  7"  X  33^"  angles  should  be 
used.  Where  two  gauge-lines  in  both  legs  are  necessary,  6"  X  6",  or  in 
some  cases  even  8"  X  6"  or  8"  X  8"  angles,  should  be  employed.  Occa- 
sionally wide  legs  are  required  to  suit  the  details  of  the  steelwork,  or  for 
other  special  purposes.  One  of  these  is  discussed  in  connection  with 
stringer  details  in  Chapter  XIX.  The  thickness  of  the  angles  should  be 
such  as  to  provide  sufficient  shearing  strength ;  but  this  condition  is  rarely, 
if  ever,  in  question.  The  best  practice  for  railway  work  is  to  use  14,  inch 
thickness  where  the  ends  of  the  girders  are  to  be  milled,  and  /le  inch 
where  no  milling  is  required.  For  highway  bridges  the  corresponding 
thicknesses  are   /le  inch   and  %  inch,  respectively.     In  case  rivets  are 
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used  in  tension  (which  should  never  be  done,  except  in  very  hght  work), 
the  angles  must  be  figured  for  the  bending  moment  from  the  rivets. 

It  is  occasionally  necessary  to  cut  off  the  flanges  where  they  meet  the 
end  connection  angles,  and  put  the  latter  directly  against  the  web. 
While  this  is  economical  of  metal,  it  introduces  a  plane  of  weakness  just 
at  the  end  of  the  flange  angles,  and  also  gives  to  the  girder  an  unfinished 
appearance;  hence  it  should  be  avoided  whenever  practicable. 

Where  the  girder  rests  on  a  shoe  or  other  steelwork,  the  end  reaction 
is  to  be  transferred  into  vertical  end  stiffening  angles,  which  in  turn  trans- 
mit the  load  by  bearing  through  the  bottom  flange  angles  to  the  support 
beneath.  There  are  generally  four  of  these  angles  at  each  end,  although 
two  will  sometimes  serve  for  light  girders.  They  should  extend  the  full 
depth  of  the  girder,  and  should  have  beneath  them  fillers  of  the  same 
thickness  as  the  flange  angles.  It  is  best  that  these  fillers  extend  three 
inches  beyond  the  angles  in  each  direction,  so  as  to  get  an  extra  line  of 
rivets  therein  on  each  side,  unless  there  be  a  large  excess  of  rivets  through 
the  angles.  The  said  angles  must  bear  verj'-  tightly  on  the  flanges  at 
both  top  and  bottom,  and  they  should  fit  the  fillets  of  the  flange  angles 
as  closely  as  possible. 

The  rivets  connecting  these  end  stiffening  angles  to  the  web  are  fig- 
ured in  exactly  the  same  manner  as  those  for  the  other  type  of  end  angles. 
The  angles  themselves  must  be  calculated  for  the  following  conditions: 

First.  They  must  be  able  to  carry  the  entire  end  reaction  as  a  column, 
the  unsupported  length  of  which  should  be  taken  as  one-half  of 
the  girder  depth  because  the  load  varies  from  zero  at  the  top  to 
a  maximum  at  the  bottom. 

Second.  They  must  be  able  to  carry  the  same  load  in  bearing  on  the 
bottom  flanges. 
As  the  bearing  on  the  fillet  of  the  flange  angle  cannot  be  depended  on, 
there  is  but  little  value  obtained  from  the  legs  which  are  in  contact  ^vith 
the  web  of  the  girder.  It  is  best,  therefore,  to  consider  the  area  of  the 
outstanding  leg  only.  This  allows  a  small  amount  for  the  value  of  the 
other  leg,  as  a  portion  of  this  outstanding  leg  is  over  the  flange  fillet,  and 
is,  therefore,  really  ineffective.  It  is  hardly  ever  necessary  to  make  the 
test  under  the  first  condition.  As  no  allowance  is  made  for  the  area  of 
the  leg  against  the  web,  this  should  be  short,  and  the  other  leg  should 
extend  nearly  to  the  edge  of  the  flange  angle — generally  to  about  an  inch 
therefrom.  If  it  should  be  so  long  as  to  extend  past  the  beginning  of  the 
fillet  at  the  tip  of  the  flange  angle,  no  reliance  should  be  placed  on  this 
end  portion. 

The  arrangement  of  the  stiffeners  will  depend  on  the  nature  of  the 
support  beneath.  When  a  pin  shoe  is  employed,  they  should  be  in  one 
compact  group,  as  shown  in  Fig.  21q.  When  the  girder  rests  on  a  narrow 
steel  rocker  the  same  detail  is  preferable.  When  the  girder  is  carried 
directly  on  a  masonry  support,  it  is  generally  best  to  separate  the  twu 
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pairs,  putting  one  pair  at  the  end  of  the  girder,  and  the  other  near  the 
inner  edge  of  the  sole  plate,  in  order  better  to  distribute  the  load  over 
the  masonry.  The  arrangement  should  be  as  shown  in  Fig.  21r.  There 
should  be  one  or  more  lines  of  rivets  in  the  fillers  between  the  stiffening 
angles.  Where  the  girder  is  carried  on  a  casting  without  the  use  of  a 
pin,  either  of  the  types  mentioned  can  be  employed.  For  a  through  rail- 
way girder,  the  end  stiff eners  depend  on  the  end  details  adopted;  hence 
they  will  be  treated  in  connection  with  that  type  of  girder 

The  proper  design  of  the  web  splice  is  probably  the  most  difficult  fea- 
ture of  the  detailing  of  a  plate  girder.  It  must  evidently  be  so  designed 
that  the  bending  strength  of  the  web  is  cared  for  in  some  manner;  and 
it  is  preferable  that  the  full  shearing  value  be  also  developed,  although 
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Fig.  21q.    Arrangement  of  End        Fig.  21r.     Arrangement  of  End  Stiffeners 
Stiffeners  for  Plate-girders  with  for  Plate-girders  with  Hingeless  Base 

Rocker  Bearings.  Plate  or  Pedestal  Bearings. 

it  is  not  so  essential  that  this  latter  condition  be  fully  met  when  there  is 
a  considerable  excess  of  section,  as  is  usually  the  case.  Evidently  the 
ideal  splice  would  be  such  that  at  every  point  the  bending  and  shearing 
stresses  in  the  web  would  be  fully  cared  for  by  the  rivets  and  splice 
plates  at  that  exact  spot.  This  could  be  obtained  by  the  use  of  two  plates 
extending  the  full  depth  of  the  web  between  the  angles,  and  one  on  the 
vertical  leg  of  each  flange  angle,  each  pair  of  plates  being  riveted  to  the 
web  in  such  a  manner  as  to  care  fully  for  both  the  bending  and  the  shearing 
stresses  in  the  portion  of  the  web  covered  by  them.  This  splice  should, 
therefore,  be  considered  the  ideal  splice,  and  the  actual  splice  should  ap- 
proach it  as  nearly  as  possible.  It  will  be  found  easy  to  make  the  two 
sphce  plates  between  the  flanges  care  for  the  shearing  and  bending  stresses 
in  the  portion  they  cover.  It  will  also  be  simple  to  make  the  plates  on 
the  vertical  legs  of  the  flange  angles  care  for  the  bending  strength  of  the 
web  metal  under  the  flange  angles,  but  it  will  be  found  impossible  to 
consider  them  to  care  for  the  full  shearing  strength  of  this  section  without 
assuming  the  flange  rivets  to  be  considerably  overstressed.  It  will  be  best, 
therefore,  to  assume  the  plates  between  the  two  flanges  to  care  also  for 
the  shear  in  the  portion  of  the  web  covered  by  the  flanges.  The  only 
effect  of  this  failure  to  care  for  the  shear  at  the  proper  point  is  to  cause 
vertical  tensile  stresses  in  the  web  just  at  the  edge  of  the  flange  angles 
on  one  side  of  the  cut,  and  similar  compressive  stresses  on  the  other  side; 
but  the  -effect  is  small,  and  it  is  not  worth  while  to  employ  extra  metal 
or  make  refined  calculations  in  order  to  avoid  it.  The  plates  on  the 
vertical  legs  of  the  flange  angles  should  then  be  designed  only  for  the 
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bending  strength  of  the  web  plate  under  the  said  angles.  It  is  evident 
that  if  there  should  be  excess  flange  section  at  the  point  in  question,  this 
excess  can  be  used  iti  taking  care  of  the  bending  strength  of  this  portion 
of  the  web,  and  the  side-plates  on  the  flanges  can  be  reduced  considerably, 
or  even  omitted  altogether  if  the  excess  is  sufficient  to  care  fully  for 
the  bending  strength  of  the  web.  In  this  connection  it  should  be  noted 
that,  if  one  portion  of  the  splice  be  made  to  care  for  the  bending 
strength  of  somewhat  more  than  the  part  of  the  web  covered  by  it, 
and  the  other  portion  of  the  splice  for  the  bending  strength  of 
somewhat  less  than  the  part  of  the  web  covered  by  it,  the  result 
will  be  to  cause  a  horizontal  shear  in  the  web  at  the  edge  of  the 
flange  angles  equal  in  amount  to  the  excess  stress  which  has  been 
provided  for  in  the  first-mentioned  portion  of  the  splice.  Such  an  arrange- 
ment also  produces  direct  vertical  stresses  on  the  same  section  near  the 
cut  in  the  web,  compressive  at  one  flange  and  tensile  at  the  other.  As 
long  as  the  excess  amount  of  stress  provided  for  in  one  portion  of  the 
splice  is  small,  these  effects  are  of  little  importance,  particularly  if  the 
shear  on  the  web  from  external  loads  be  not  large.  It  should  further  b(! 
noted  that  as  the  main  vertical  side-plates  extend  but  a  short  distance? 
longitudinally,  while  the  plates  on  the  flange  usually  extend  considerably 
farther,  there  will  be  a  tendency  for  the  latter  to  pick  up  rather  more  of 
the  bending  strength  of  the  web  than  their  share,  while  the  former  plates 
will  take  up  less.  It  will  be  the  best  practice,  therefore,  to  provide  that 
the  splice-plates  on  the  flange  angles  (or  the  excess  area  of  the  flange) 
shall  care  for  somewhat  more  than  the  bending  strength  of  the  portion 
of  the  web  covered  by  the  flange  angles.  It  must  also  be  remembered 
that  nearly  all  of  this  bending  strength  of  the  web  will  be  developed  quite 
close  to  the  splice,  hence  the  flange  rivets  in  this  region  must  be  adequate 
to  care  for  this  stress. 

It  must  not  be  forgotten  that  the  bending  stresses  in  the  spUce-plates 
vary  from  zero  at  the  neutral  axis  to  a  maximum  at  the  edge  of  the  girder. 
Thus  if  the  unit  stress  at  the  flange  be  14,000  pounds  per  square  inch,  that 
at  a  point  sLx-sevenths  of  this  distance  from  the  neutral  axis  could  not 
be  more  than  12,000  pounds.  The  horizontal  stresses  on  the  rivets  will 
also  probably  vary  in  some  such  proportion,  so  that  the  horizontal  com- 
ponent of  the  stresses  in  the  top  and  bottom  rivets  in  the  vertical  plates 
should  be  assumed  somewhat  less  than  the  stresses  in  the  flange  rivets. 
This  result  would  be  secured  anyway,  as  the  latter  rivets  have  stresses 
from  vertical  shear  to  carry,  and  the  horizontal  components  of  stresses 
in  them  would  have  to  be  kept  down  for  that  reason. 

Several  types  of  splices  other  than  the  type  suggested  above  are  in 
common  use.  Some  of  these  will  now  be  discussed;  and  both  their  strong 
and  their  weak  points  will  be  noted. 

Frequently  girders  are  designed  so  that  the  flanges  care  for  all  bending 
stresses.    The  web  splice  is  then  usually  designed  solely  for  shear,  and 
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consists  moroly  of  two  vertical  plates  between  the  flanges,  with  rivets 
proportioned  for  the  shear  only.  The  chief  weakness  of  this  splice  is  that 
these  plates  will  actually  pick  up  a  large  amount  of  the  bending  strength 
of  the  web  under  them,  so  that  the  rivets  near  the  top  and  the  bottom 
may  be  seriously  overstressed.  There  may  also  be  rather  high  shearing 
and  direct  stresses  in  the  web  along  the  edges  of  the  flanges,  as  the  flange 
section  may  pick  up  much  more  than  the  bending  strength  of  the  web 
covered  by  the  flanges.  The  flange  rivets  are  not  usually  proportioned 
to  take  up  this  stress  quickly,  so  that  they  are  frequently  overstressed. 
These  effects  will  be  particularly  severe  near  the  end  of  a  girder,  where 
the  shear  on  the  web  and  the  stresses  in  the  flange  rivets  are  usually  already 
high. 

Another  type  consists  of  two  long  strap-plates  riveted  to  the  web 
adjacent  to  each  flange,  and  two  vertical  side-plates  between  the  pairs 
of  strap-plates.  The  strap-plates  are  figured  for  the  full  bending  strength 
of  the  web,  and  the  vertical  plates  for  the  shear.  As  noted  previously, 
the  unit  stress  in  these  plates  will  have  to  be  less  than  that  in  the  flanges, 
as  they  are  closer  to  the  neutral  axis  of  the  girder.  This  splice  is  fairly 
satisfactory  for  deep  girders,  but  for  shallow  ones  the  vertical  plates  are 
not  deep  enough  to  serve  as  an  efficient  shear  splice.  There  are  some 
defects,  though,  when  it  is  used  in  deeper  girders.  The  vertical  side- 
plates  will  actually  pick  up  some  of  the  bending  strength  of  the  web,  and 
the  strap-plates  will  pick  up  part  of  the  shear,  thus  possibly  overstressing 
the  rivets  in  each  case.  As  but  a  small  amount  of  shearing  strength  is 
provided  in  a  12  to  18  inch  space  at  both  top  and  bottom  of  web,  the 
tensile  and  compressive  stresses  in  the  said  web  from  this  effect  may  be 
rather  high  at  the  sections  between  the  strap-plates  and  the  vertical  side- 
plates.  Furthermore,  since  the  strap-plates  carry  nearly  all  of  the  bend- 
ing strength  of  the  web,  there  will  be  shearing  stresses  along  the  planes 
just  above  and  below  these  straps,  and  also  direct  vertical  stresses  along 
these  same  planes.  These  stresses,  from  shear  and  moment  action,  will 
be  unimportant  near  the  centre  of  a  girder  but  may  be  rather  high  near 
the  ends,  where  the  shear  from  external  loads  is  likely  to  be  large. 

Still  another  type  of  splice  is  made  by  the  use  of  strap-plates  on  the 
flange  angles  to  care  for  the  entire  bending  strength  of  the  web,  and  ver- 
tical side-plates  between  the  flanges  to  care  for  the  entire  shear.  The 
side-plates  will,  of  course,  pick  up  some  of  the  moment,  and  the  rivets 
near  the  top  and  bottom  may  be  considerably  overstressed.  Furthermore, 
transferring  nearly  all  of  the  bending  strength  in  the  web  up  to  the  strap- 
plates  causes  rather  high  shearing  stresses  in  the  web  along  the  edges  of 
the  flanges,  and  also  direct  vertical  stresses  at  the  same  sections.  It  will 
also  be  found  necessary^  to  extend  these  plates  for  a  considerable  distance 
to  pick  up  the  full  stress  they  are  to  carry.  All  of  these  objectionable 
features  are  comparatively  unimportant  near  the  centre  of  a  span,  but 
may  be  rather  bad  near  the  ends  where  the  horizontal  shear  is  high. 
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It  was  stated  previously  that  it  was  essential  that  the  full  bending 
strength  of  web  be  developed  at  any  splice,  and  preferable  that  the  full 
shearing  strength  also  be  developed.  However,  it  does  not  follow  that 
both  of  these  strengths  need  be  developed  simultaneously.  For  a  point 
near  the  end  of  a  span,  values  of  moments  and  shears  nearly  or  quite  the 
maximum  may  occur  simultaneously;  but  near  the  centre  of  the  span 
these  maxima  will  be  simultaneous  only  when  the  loading  consists  of  a 
single  concentration.  It  is  not  desirable,  though,  to  spend  much  time  in 
figuring  the  maximum  stresses  in  a  splice  due  to  various  combinations  of 
moments  and  shears.     It  will  be  sufficient  to  design  it  so  as  to  develop: 

First.  The  maximum  bending  strength  of  the  web,  and  the  maximum 
calculated  shear  on  the  section. 

Second.     The  maximum  shearing  strength  of  the  web. 

The  first  condition  will  give  correct  results  for  a  splice  near  the  end 
of  a  girder,  and  a  variable  amount  of  excess  strength  in  a  splice  near  the 
centre  of  a  girder;  while  the  second  condition  assures  that  an  efficient 
shear  splice  will  be  used  at  points  where  the  figured  shear  happens  to  be 
low.  It  will  not  usually  be  necessary  to  compute  the  splice  for  this  second 
condition,  unless  the  girder  be  shallow  and  the  shear  on  the  section  small. 

In  working  up  the  design  of  a  splice  of  the  type  which  was  first  discussed 
and  shown  to  be  the  best,  the  bending  strength  of  the  portion  of  the 
web  covered  by  the  flange  should  first  be  figured,  employing  for  this  pur- 
pose the  gross  area  of  the  web  and  the  unit  stress  used  on  the  compression 
flange  for  the  intensity  at  the  edge  of  the  web.  This  computed  strength 
should,  preferably,  be  arbitrarily  increased  a  little,  as  noted  previously. 
The  rivets  required  to  transmit  this  stress  from  the  web  to  the  flange 
or  strap-plates  should  now  be  figured.  On  the  side  next  to  the  support 
they  will  have  to  care  simultaneously  for  this  stress  and  for  that  due  to 
horizontal  shear,  both  of  which  act  in  the  same  direction,  and  at  the 
same  time  for  any  vertical  load  which  may  be  resting  directly  on  the 
flange.  A  close  pitch  on  this  side  will  usually  be  required.  On  the  other 
side  of  the  splice  the  stress  due  to  the  development  of  web  section  and 
that  duo  to  horizontal  shear  will  act  in  opposite  directions;  hence  at  this 
point  we  should  design  for  the  minimum  rather  than  the  maximum  shear 
at  the  section.  An  approximate  value  of  the  minimum  shear,  when  the 
moment  is  still  near  a  maximum,  can  be  figured  if  desired;  but  the  sim- 
plest way  will  be  to  assume  that  it  is  zero.  While  this  will  give  results 
on  the  safe  side,  it  will  usually  be  found  that  the  pitch  required  will  rarelj^ 
be  less  than  that  which  would  be  used  at  the  section  if  there  were  no 
splice  there,  consequently  there  is  generally  no  object  in  trying  to  find 
the  more  exact  figure.  The  required  areas  of  the  two  flanges  at  the  splice 
are  now  to  be  computed,  assuming  one-eighth  of  the  section  of  the  web 
effective  as  flange  area,  and  also  the  gross  area  of  the  compression  flange 
and  the  net  area  of  the  tension  flange.  Care  must  be  exercised  to  see 
that  no  greater  value  is  assigned  to  any  cover-plate  stopping  a  short  dis- 
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tanco  hoyond  tho  sjilioo  than  can  be  developed  by  the  rivets  through  it 
located  between  its  end  and  the  splice.  The  excess  areas  of  the  two 
flanges  are  now  to  be  determined,  and  also  the  section  needed  to  care  for 
tlie  bending  strength  of  the  web  under  the  flanges,  which  strength  was 
previously  figured.  If  the  excess  area  of  euch  flange  provide  enough  sec- 
tion for  this,  no  splice-plates  are  required;  but  if  not,  strap-plates  should 
be  put  on  the  vertical  legs  of  the  flange  angles.  Plates  three-eighths  of 
an  inch  thick  will  be  found  to  serve  for  any  but  very  thick  webs.  If 
there  should  be  no  excess  area  in  the  flange,  these  plates  will  have  to 
extend  far  enough  to  take  in  all  of  the  rivets  required  for  the  develop- 
ment of  the  web;  but  if  there  is  some  excess  area  in  the  flange,  they 
need  not  engage  all  of  these  rivets.  It  would  not  be  advisable,  how- 
ever, to  make  them  very  short,  two  feet  six  inches  being  suggested  as  a 
minimum  length. 

The  main  vertical  splice-plates  are  now  to  be  designed  so  as  to  de- 
velop the  bending  strength  of  the  portion  of  the  web  covered  by  them, 
and  at  the  same  time  to  carry  the  maximum  shear  on  the  section.  The 
gross  section  of  the  web  should  be  used  in  figuring  its  bending  strength, 
the  unit  stress  being  taken  as  zero  at  the  neutral  axis,  and  equal  to  the 
unit  compressive  stress  in  the  compression  flange  at  the  edge  of  the  web. 
The  intensity  at  the  top  or  bottom  of  the  splice-plate  is  then  to  be  figured, 
and  on  dividing  this  value  by  the  ratio  of  the  sum  of  the  thicknesses  of  the 
two  splice-plates  to  that  of  the  web-plate,  the  unit  compressive  stress 
on  the  gross  section  of  the  splice-plates  is  found.  The  unit  tensile  stress 
in  the  splice-plates  will  be  obtained  by  multiplying  the  intensity  on  the 
gross  section  just  determined  by  the  ratio  of  the  gross  area  to  the  net. 
When  rivets  at  three-inch  pitch  are  used,  the  unit  tensile  stress  will  be 
one-and-one-half  times  the  unit  compressive  stress.  Next  is  to  be  figured 
the  unit  shearing  stress  on  the  gross  section  of  the  assumed  splice-plates, 
and  then  the  unit  stresses  for  combined  shear  and  tension  are  to  be  com- 
puted. It  will  be  found  that  in  practically  every  case  two  splice-plates, 
each  three-eighths  of  an  inch  thick,  will  suffice,  except  for  shallow  webs 
one-half  inch  or  more  in  thickness,  with  splices  located  at  points  where 
the  unit  shear  on  the  web  is  high. 

The  rivets  in  the  main  vertical  splice-plates  are  now  to  be  computed. 
The  group  on  one  side  of  the  splice  must  be  figured  for  the  three  following 
effects : 

1.  Developing  the  bending  strength  of  the  web. 

2.  Carrying  the  vertical  shear,  as  a  direct  load. 

3.  Transferring  the  shear  from  the  centre  line  of  rivet  group  to  centre 

line  of  splice. 

Evidently  the  rivets  in  the  top  and  bottom  rows  will  be  most  highly 

stressed.     The  loads  thereon  can  be  figured  most  easily  by  considering 

M 
the  group  to  be  acted  upon  by  a  direct  load  P  with  an  eccentricity  of  -5-, 
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P  being  the  shear,  and  M  the  sum  of  the  moments  from  the  first  and 
third  effects,  and  then  applying  the  method  given  in  Chapter  XVI  for 
the  calculation  of  stresses  in  rivet  groups  subjected  to  bending  and  direct 
stress.  The  moments  from  the  first  and  third  effects  will  act  in  the  same 
direction  on  one  side  of  the  sphce,  and  in  the  opposite  direction  on  the 
other  side.  The  worst  side  should  be  figured  and  both  sides  made  alike. 
For  ordinary  girders,  it  will  be  found  necessary  to  use  three  lines  of  rivets 
on  each  side  of  the  sphce,  with  the  spacing  about  three  inches  on  centres 
in  each  row.  For  very  shallow  girders  having  a  high  shear  on  the  section 
frequently  more  than  three  rows  of  rivets  will  be  required. 

After  the  splice  has  been  designed  as  above,  it  will  be  necessary,  es- 
pecially in  shallow  giixlers  in  which  the  actual  unit  shearing  stress  on  the 
web  is  not  high,  to  investigate  in  order  to  see  if  the  splice  can  develop 
the  full  shearing  strength  of  the  web.  The  splice-plates  should  be  fig- 
ured for  the  shear  only;  while  the  rivet  group  on  one  side  of  the  splice 
must  be  able  to  carry  both  the  shear  and  the  moment  due  to  its  trans- 
ference from  the  centre  of  the  group  to  the  centre  of  the  splice. 

It  has  been  noted  in  the  previous  discussion  that  in  figuring  the  bend- 
ing strength  of  the  web  the  unit  stress  at  the  edge  thereof  should  be  taken 
equal  to  that  used  in  the  design  of  the  compression  flange.  This  is  suffi- 
ciently exact  for  ordinary  cases;  but  it  should  be  noted  that  the  strictly 
correct  way  is  to  employ  the  actual  unit  stress  at  the  section  spliced. 
Taking  this  fact  into  consideration  will  frequently  effect  a  legitimate  sav- 
ing in  a  splice  at  a  point  where  the  flange  section  is  largely  in  excess  of 
that  required  for  moment.  Care  must  be  taken,  however,  not  to  assume 
the  area  of  the  flange  to  be  any  greater  than  can  be  developed  by  the 
rivets  in  it  between  the  splice  and  the  end  of  the  girder,  not  forgetting 
that  these  rivets  will  also  have  to  develop  a  portion  of  the  strength  of 
the  web  under  the  flange  angles.  The  fact  that  the  horizontal  unit  stress 
in  the  spHce-plates  at  any  point  cannot  exceed  that  in  the  web  between 
them  must  also  be  remembered. 

It  is  standard  practice  to  put  intermediate  stiffeners  at  each  splice, 
the  back  of  the  stiffener  angle  being  at  the  cut  in  the  web.  This  detail 
should  be  used  whenever  practicable. 

The  shoes  of  a  plate-girder  span  must  be  designed  to  transmit  prop- 
erly the  loads  from  the  girder  to  the  masonry  or  other  support,  to  pro- 
vide for  expansion  and  contraction,  and  to  anchor  the  span  effectively 
against  displacement.  The  limiting  length  of  spans  with  sliding  expan- 
sion and  no  rockers  has  for  years  been  gradually  diminishing  as  the  live 
loads  have  increased.  Until  lately  the  author  has  set  the  limit  at  sixty 
(60)  feet,  but  now  he  is  inclined  to  place  it  at  fifty  (50)  feet,  especially 
for  very  heavy  loads  and  comparatively  shallow  girders.  From  a  theo- 
retical standpoint  every  span  should  have  a  rocker  bearing  so  as  to  make 
the  pressure  on  the  masonry  uniformly  distributed;  but  practically  a  cer- 
tain amount  of  inequahty  of  distribution  is  not  harmful;   hence,  within 
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reasonablo  limits,  rocker  ends  for  plato-girdcr  spans  may  be  omitted. 
ILsiially  rocker  ends  and  roller  bearings  go  together,  but  a  combination 
of  rockers  and  sliding  ends  is  practicable. 

When  spans  are  very  short,  say  under  twenty-five  (25)  feet,  it  is 
legitimate  to  provide  no  expansion  whatsoever,  but  either  to  bolt  both  ends 
solidly  to  the  masonry  or  to  encase  them  in  the  concrete  of  the  abutments. 
So  doing  will  add  materially  to  the  rigidity  of  the  construction. 

Shoes  for  girder-spans  resting  on  masonry  may  be  conveniently  clas- 
sified as  follows: 

1.  ]\Iasonry  plates. 

2.  Cast  shoes  without  rockers  or  rollers. 

3.  Rocker  shoes  without  rollers. 

4.  Rocker  shoes  with  rollers. 

The  end  bearings  for  girders  carried  on  other  steelwork  are  usually 
of  one  of  the  two  follo'\\ang  kinds: 

5.  Plain  sliding  bearings. 

6.  Rocker  sliding  bearings. 

The  six  types  will  now  be  discussed  in  detail. 

Masonry  plates  should  be  used  for  short  spans  only,  as  they  are  ill- 
adapted  to  the  distribution  of  loads  of  any  magnitude  over  the  masonry. 
They  are  further  objectionable  in  that  dirt  collects  about  the  bearings 
in  sufficient  amounts  to  rust  both  the  plate  and  the  girder-flange.  Ordi- 
narily there  is  a  thick  base-plate  bolted  to  the  masonry,  on  which  bears 
a  sole-plate  that  is  riveted  to  the  bottom  flange  of  the  girder.  The  top 
surface  of  the  base-plate  and  the  bottom  surface  of  the  sole-plate  should 
be  planed,  the  cut  of  the  tool  being  parallel  to  the  direction  of  sliding, 
or  else  both  plates  should  be  straightened.  The  girders  should  be  bolted 
dowTi  by  fox-bolts  at  least  one  and  one-quarter  inches  in  diameter, 
extending  fully  twelve  inches  into  the  masonry,  the  holes  in  the  upper 
plate  being  slotted  at  the  expansion  end  of  the  span.  There  should  be 
two  such  bolts  per  bearing,  arranged,  if  possible,  so  that  the  holes  in  the 
masonry  can  be  drilled  after  the  girder  and  its  bracing  are  in  place.  The 
area  of  the  base-plate  must  be  sufficient  to  distribute  the  total  load  over 
the  masonry  without  exceeding  the  specified  unit  pressures.  The  bending 
strength  of  the  plate  should  be  tested  at  a  section  along  the  edge  of  the 
flange.  In  addition,  the  bending  moment  at  the  centre  line  of  the  girder 
should  be  computed,  and  the  stresses  produced  in  the  plates  and  flange- 
angles  thereby  should  be  figured  on  the  assumption  that  they  are  acting 
separately,  not  as  one  thick  plate,  the  moment  being  divided  among  the 
various  plates  in  proportion  to  the  squares  of  their  thicknesses.  In 
figuring  the  moment,  the  load  from  above  should  be  assumed  as  uniformly 
distributed  over  the  outstanding  legs  of  the  end  stiffener  angles,  when 
four  of  these  are  used;  but  if  only  two  such  angles  are  employed,  the 
entire  load  must  be  considered  as  concentrated  at  the  centre  line  of  the 
web.     For  a  short  span  in  which  there  is  very  little  expansion,  it  will  be 
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satisfactory  to  use  a  single  plate,  which  should  generally  be  riveted  to 
the  girder. 

Cast  shoes  ^vithout  rockers  or  rollers  are  to  be  adopted  for  all  spans 
less  than  fifty  feet  long  for  which  the  use  of  a  masonry  plate  is  not  desir- 
able. The  shoe  ordinarily  consists  of  a  single  casting  about  six  inches 
high.  The  top  surface  of  this  casting  is  planed,  and  on  it  there  rests  a 
sole-plate  which  is  riveted  to  the  bottom  flange  of  the  girder.  This 
sole-plate  either  should  be  planed  on  the  bottom  side,  or  else  should  be 
straightened.  The  fox-bolts  should  be  of  the  same  size  and  number  as 
for  masonry  plates.  They  may  extend  up  through  the  bottom  flange  of 
the  girder,  or  they  may  pass  through  only  the  bottom  plate  of  the  cast- 
ing. In  the  latter  case  it  will  be  necessary  to  use  short  bolts  passing 
through  the  girder-flange,  the  sole-plate,  and  the  top  plate  of  the  casting. 
With  either  detail  the  holes  in  the  girder-flange  and  in  the  sole-plate 
must  be  slotted  at  the  expansion  end  of  the  girder.  The  area  of  the 
bottom  plate  of  the  casting  must  be  made  large  enough  to  distribute  the 
load  over  the  masonry  without  exceeding  the  allowable  unit  pressure 
thereon.  It  will  be  best  to  locate  one  rib  longitudinally  under  the  girder- 
web,  and  a  cross-rib  under  each  pair  of  end  stiff eners.  Additional  cross-ribs 
can  be  used  if  the  thiclaiess  of  the  bottom  plate  can  be  materially  reduced 
thereby.  The  said  bottom  plate  must  be  designed  as  a  slab  to  transmit 
the  load  from  the  ribs  to  the  masonry.  In  addition,  the  strength  of  the 
casting  as  a  whole  should  be  tested  by  figuring  the  stresses  produced 
therein  by  the  bending  moment  at  the  centre  line  of  the  girder-web. 

Rocker  shoes  without  rollers  are  suitable  for  any  girder  over  fifty 
feet  in  length  on  which  the  load  is  comparatively  hght.  The  author 
has  rarely  used  them,  as  he  prefers  to  employ  rollers,  but  several  railroads 
have  adopted  them  quite  extensively,  even  for  heavy  spans.  The  details 
used  have  varied  quite  widely.  In  some  cases  pin-bearings  have  been 
employed,  in  others  flat  or  cylindrical  surfaces  resting  on  cylindrical 
discs,  and  in  still  others  flat  bearing  surfaces  which  were  quite  narrow  in 
a  longitudinal  direction.  The  sliding  surfaces  have  sometimes  been 
steel  on  steel,  while  in  other  cases  phosphor-bronze  discs  or  plates  have 
been  employed  in  order  to  avoid  the  possibility  of  the  sliding  surfaces  rust- 
ing together.  For  the  details  of  shoes  of  this  type,  the  reader  is  referred 
to  Parts  II  and  III  of  ''Details  of  Bridge  Construction,"  by  F.  W.  Skimier, 
Esq.,  C.E.  Special  attention  might  be  called  to  the  Chicago,  Milwaukee, 
and  St.  Paul  Railway  standard  shoes  described  on  p.  96  of  Part  III. 

The  author  employed  a  shoe  of  the  above  type  several  years  ago  on  a 
railway,  deck,  plate-girder  span  about  68  feet  long.  It  consisted  of  an  upper 
cast  shoe  supported  on  a  pin,  which  was  in  turn  carried  by  a  base  casting 
resting  on  the  masonry.  A  sole-plate  was  riveted  to  the  bottom  flange 
of  the  girder,  and  rested  on  the  upper  casting.  The  bottom  surface  of 
the  sole-plate  and  the  top  surface  of  the  upper  casting  were  planed,  and 
sliding  took  place  at  this  point.     The  base  casting  was  fox-bolted  to  the 
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nuit^onry,  :iiul  the  upper  casting  was  bolted  to  the  girder.  The  bolt-holes 
in  the  girder-flange  at  the  expansion  end  were  slotted. 

Rocker  shoes  ^^^th  rollers  should,  in  general,  be  used  for  all  spans 
exceeding  fifty  feet  in  length.  A  great  manj-  different  forms  have  been 
developed,  a  number  of  which  are  shown  in  Skinner's  book  just  referred 
to.  Structural  shapes  were  formerly  used  quite  largely  in  their  construc- 
tion, and  rails  have  been  employed  to  some  extent  also;  but  cast-steel 
shoes  are  decidedly  better,  and  the  price  of  this  material  is  now  low  enough  to 
permit  of  its  use  in  all  cases.  Both  round  and  segmental  rollers  have  been 
emploj-ed.  The  latter  are  preferable,  as  the  round  rollers  are  necessarily  of 
small  diameter,  and  it  has  been  found  by  experience  that  such  small  rollers 
do  not  work  well.  Furthermore,  the  segmental  rollers  are  more  economical 
except  for  light  girders,  as  they  generally  permit  the  use  of  smaller  shoes. 

The  details  of  a  shoe  with  segmental  rollers,  in  the  pedestals  of  which 
cast  steel  has  been  used  exclusively,  are  shown  in  Fig.  21y.  The  expansion 
shoe  consists  essentially  of  an  upper  casting  resting  on  a  pin  which  is 
carried  on  a  middle  casting,  a  roller  nest,  and  a  base  casting.  The  fixed 
shoe  consists  of  an  upper  casting  supported  by  a  pin  which  rests  on  the 
base  casting.  The  upper  castings  and  pins  in  the  two  shoes  are  identical, 
and  the  height  of  the  base  casting  of  the  fixed  shoe  is  equal  to  the  combined 
heights  of  the  middle  casting,  rollers,  and  base  casting  of  the  expansion 
shoe,  so  that  the  total  height  of  the  shoe  is  the  same  in  both  cases.  The 
fixed  shoe  may  be  varied  by  replacing  the  base  casting  shown  by  a  middle 
casting  identical  with  that  used  for  the  expansion  shoe,  and  a  base  casting 
having  the  same  plan  view  as  the  base  casting  of  the  said  shoe,  but  with 
its  height  greater  by  the  height  of  the  rollers.  The  latter  type  weighs  more 
than  the  first  form,  and  generally  gives  a  larger  area  of  base;  but  it  can  be 
set  to  correct  elevation  a  little  more  easily,  and  may  effect  a  saving  in  the 
pattern-making.  The  former  kind  is  usually  to  be  preferred.  If  in  any 
particular  case  it  should  be  satisfactory  to  have  the  fixed  and  the  expansion 
shoes  of  different  heights,  the  castings  of  the  fixed  shoe  should  be  made 
identical  with  those  used  for  the  expansion  shoe,  the  total  height  of  the 
fixed  shoe  then  being  less  than  that  of  the  expansion  shoe  by  an  amount 
equal  to  the  height  of  the  rollers. 

The  top  casting  consists  of  a  top  plate,  a  thick  transverse  vertical 
rib,  and  three  longitudinal  ribs.  The  upper  surface  is  planed  and  the 
girder  rests  directly  on  it,  being  secured  to  the  casting  by  four  or  eight 
bolts.  The  width  of  the  casting  is  made  just  a  trifle  greater  than  that 
of  the  girder-flange,  and  the  length  usually  about  twelve  inches.  The 
distance  from  the  top  of  the  casting  to  the  centre  of  the  pin  will  generally 
be  about  five  inches.  One  longitudinal  rib  is  placed  at  the  centre,  and 
one  at  each  edge.  The  thickness  of  the  transverse  rib  is  about  five  inches, 
and  that  of  the  top  plate  and  longitudinal  ribs  about  one  or  one  and  one- 
quarter  inches. 

The  pin  is  made  three  inches  in  diameter,  a  length  of  one  inch  at  the 
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centre  being  increased  to  three  and  one-half  inches  in  diameter  in  order 
to  provide  a  shoulder  that  will  prevent  transverse  displacement.  The 
pin  has  a  bearing  throughout  its  length  in  both  the  upper  and  the  middle 
castings,  there  being  half  pin-holes  in  each.  In  order  to  prevent  possible 
upUft,  bosses  are  cast  around  the  half  pin-holes  on  the  two  castings,  and 
a  washer  slipped  over  them.  This  washer  is  kept  in  place  by  a  thin 
washer  against  which  the  pin-nut  bears,  all  as  shown  in  Fig.  21y. 

The  middle  casting  consists  of  a  bottom  plate,  three  longitudinal  ribs, 
and  either  one  or  three  transverse  ribs.  Its  horizontal  dimensions  are 
determined  by  those  of  the  roller  box,  and  the  height  is  usually  a  little 
less  than  half  of  its  length.  The  bottom  plate  is  planed  on  the  bottom. 
It  must  be  of  sufficient  thickness  to  transfer  the  load  from  the  ribs  to 
the  rollers,  but  rarely  less  than  one  and  one-quarter  inches.  One  trans- 
verse rib  is  placed  under  the  pin.  Its  thickness  will  vary  with  the  size 
of  the  shoe;  but,  preferably,  it  should  not  be  less  than  one  inch.  Two 
other  transverse  ribs,  usually  three-quarters  of  an  inch  thick,  are  added 
when  the  thickness  of  the  bottom  plate  can  be  materially  reduced  thereby. 
The  longitudinal  ribs  are  placed  directly  under  those  of  the  upper  casting, 
and  they  should  be  at  least  one  inch  thick. 

The  rollers  should  generally  be  segmental,  6"  high  by  33^"  wide,  spaced 
A"  centres.  For  light  highway  girders  4"  round  rollers  can  be  used,  spaced 
^}/i"  centres.  Round  rollers  are  turned  from  round  bars,  while  segmental 
rollers  are  tnade  from  forgings,  the  rolling  surfaces  only  being  turned. 
The  sides  must  be  forged  straight  and  true,  however.  Round  rollers 
are  fastened  to  two  2^"  X  Ys"  spacing-bars  by  means  of  tap-bolts  J^" 
in  diameter  with  flat  heads  Ys"  thick,  while  four  such  spacing-bars  are 
required  for  segmental  rollers.  In  order  to  keep  the  latter  kind  of  rollers 
from  falling  over,  it  is  advisable  to  gear  one  roller  to  both  the  middle 
and  the  base  castings  by  a  tooth-bar  at  each  end,  which  engages  slots  in 
the  horizontal  plates  of  the  two  castings.  When  this  detail  is  used,  it  is 
necessary  that  the  base  casting  be  set  in  exact  position,  since  an  error 
in  its  location  will  cause  the  tooth-bar  to  tip  the  rollers.  In  order  to 
prevent  horizontal  displacement,  there  should  be  two  tongues  Y^"  wide 
and  }/i"  high  on  the  bottom  plate  of  the  middle  casting  and  on  the  top  plate 
of  the  base  casting,  engaging  1"  X  Ys"  grooves  in  the  rollers.  Both 
tongues  and  grooves  should  be  finished.  The  tongues  should  not  be 
located  directly  under  the  main  ribs  of  either  casting,  if  it  can  be  avoided. 
The  rollers  should  be  protected  from  the  weather  by  efficient  dlist-guards 
fastened  to  the  middle  casting  and  having  a  very  small  clearance  with 
the  bottom  casting.  Ample  space  must  be  provided  inside  the  dust-guards 
for  the  movements  of  the  rollers. 

The  base  casting  consists  of  the  top  and  bottom  plates  and  vertical 
stiffening  ribs.  The  size  of  the  top  plate  must  be  somewhat  greater 
than  the  area  enclosed  by  the  dust-guards,  so  that  the  said  guards  shall 
never  move  beyond  the  edges  thereof.     The  bottom  plate  must  be  large 
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enough  to  distributo  tho  load  properly  over  the  masonry.  It  will  be 
found  that  the  size  required  to  accommodate  the  roller  box  will  nearly 
always  furnish  more  than  enough  bearing  area.  The  top  and  bottom 
plates  must  be  thick  enough  to  carry  the  loads  which  come  on  them,  but 
rarely  less  than  one  and  one-quarter  inches.  The  vertical  ribs  should 
usually  be  three-quarters  of  an  inch  thick.  The  use  of  a  small  number 
of  these  ribs  makes  the  pattern-work  simpler,  but  they  should  not  be 
spaced  so  widely  as  to  require  unduly  thick  top  and  bottom  plates.  Core- 
holes  must  be  provided  in  the  vertical  ribs  as  required,  and  grout-holes 
in  the  bottom  plates  of  large  shoes. 

Four  fox-bolts  should  be  used  per  shoe.  These  should  be  at  least  one 
and  one-quarter  inches  in  diameter,  and  should  extend  fully  twelve  inches 
into  the  masonry.  If  possible,  they  should  be  located  so  that  the  holes  in 
the  masonry  can  be  drilled  after  the  span  has  been  completely  erected. 
The  holes  for  the  anchor-bolts  should  be  about  one-half  of  an  inch  larger 
than  the  bolts.  In  order  to  secure  the  middle  casting  against  possible  up- 
Uft,  the  anchor-bolts  should  continue  up  through  the  bottom  plate  thereof, 
the  holes  in  this  plate  being  slotted  to  allow  for  expansion.  The  nuts 
should  not  be  turned  do-^vn  tightly,  and  lock  nuts  should  be  employed. 
It  is  always  desirable  to  be  able  to  estimate  the  minimum  size  of 
base  that  can  be  used  with  any  roller  nest.  With  the  type  of  shoe  shown 
in  Fig.  21i',  this  can  be  determined  in  the  following  manner. 
Let   n  =  number  of  rollers. 

d  =  diameter  of  rollers  in  inches  (height  of  segmental  rollers). 
w  =  width  of  segmental  rollers  in  inches, 
s  =  spacing  of  rollers  in  inches,  being  d  -\-  14!'  for  round  rollers 

and  w  -j-  ]/2"  for  segmental  rollers. 
L  =  gross  length  of  roller  in  inches  =  net  length  plus  2". 
I  =  length  of  span  in  feet. 
1/60  =  total  possible  movement  in  inches  of  expansion  end  of  span, 
due  both  to  temperature  and  to  live-load  changes.     We  then 
have  the  dimensions  given  in  Table  21g. 


TABLE  2lg 
Dimensions  for  Roller  Shoes 


Segmental  Rollers 

Round  Rollers 

Transversely 

Longitudinally 

Transversely 

Longitudinally 

Inside  to    inside   of 
dust-guards 

Bottom      plate      of 
middle  casting.  . . 

Top     and      bottom 
plates   of    bottom 
casting 

L+  2" 
L  +  10"l 
L-f-10" 

L+  2" 
L  +  IO" 
L  +  10" 

-  +  120  +  ^^" 

ns  +  i^  +  l'A" 
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In  designing  a  shoe  of  this  type,  the  length  and  number  of  the  rollers 
are  first  figured.  The  6"  X  33^^"  segmental  rollers  are  to  be  adopted, 
except  for  Ught  highway  spans.  The  total  load  on  the  shoe  is  divided  by 
the  allowable  pressure  per  lineal  inch  (600d),  the  number  of  rollers  is 
assumed,  and  the  required  net  length  of  one  roller  is  calculated.  To  this 
must  be  added  2"  to  allow  for  the  grooves.  The  gross  length  of  the 
rollers  should  be  at  least  two  inches  greater  than  the  mdth  of  the  flange, 
as  otherwise  the  ribs  of  the  middle  casting  will  be  too  close  to  the  ends 
of  the  rollers.  The  minimum  size  of  base  that  can  be  used  is  next  deter- 
mined from  the  table  above,  and  the  unit  pressure  on  the  masonry  is 
figured.  If  this  is  less  than  that  specified,  the  size  of  base  as  above  found 
is  correct;  but  if  the  unit  pressure  is  too  great,  the  bottom  plate  of  the 
lower  casting  must  be  increased  as  required. 

The  preceding  are  the  only  figures  required  in  the  design,  as  the  size 
of  the  base  and  the  total  height  of  the  shoe  are  usually  the  only  dimensions 
needed  at  this  stage  of  the  work.  In  drawing  up  the  details,  a  good  many 
other  calculations  are  necessary.  The  upper  shoe  is  to  be  designed  so  as 
to  transfer  the  load  from  the  stiffeners  to  the  pin.  The  pin  is  to  be  figured 
for  bearing.  The  middle  casting  is  to  be  proportioned  so  as  to  transfer 
the  load  from  the  pin  to  the  rollers.  The  bottom  plate  thereof  is  to  be 
computed  as  a  slab  to  transfer  the  load  from  the  ribs  to  the  rollers,  while 
the  bending  strength  of  the  casting  as  a  whole  must  also  be  tested.  The 
bottom  casting  is  proportioned  to  transmit  the  load  from  the  rollers  to 
the  masonry.  The  top  plate  is  figured  to  transfer  the  load  from  the 
rollers  to  the  ribs,  and  the  bottom  plate  to  carry  it  from  the  ribs  to  the 
masonry;  while  the  bending  strength  of  the  casting  as  a  whole  must  also 
be  tested. 

The  design  of  the  fixed  shoe  is  comparatively  simple.  If  the  portion 
below  the  pin  is  to  consist  of  two  castings,  no  new  figures  are  necessary, 
the  only  change  required  being  in  the  height  of  the  base  casting.  Oc- 
casionally, however,  the  top  plate  of  the  bottom  casting  and  the  bottom 
plate  of  the  middle  casting  are  reduced  somewhat  in  thickness.  The 
middle  casting  should  be  secured  to  the  base  casting  by  turned  bolts, 
usually  ^^/ig"  in  diameter.  If  the  portion  below  the  pin  is  to  be  a  single 
casting,  the  required  area  of  its  base  is  determined,  and  then  tlie  casting 
is  to  be  designed  so  as  to  transfer  the  load  from  the  pin  to  the  masonry. 

Plain  sliding  bearings  will  generally  be  used  at  the  expansion  ends 
of  girders  less  than  fifty  feet  long  which  rest  on  other  steelwork.  A 
plate  is  riveted  to  the  bottom  flanges  of  the  girder,  and  bears  on  a  plate 
which  is  riveted  to  the  steelwork  beneath.  These  two  plates  are  to 
be  straightened,  or  else  their  surfaces  in  contact  must  be  planed.  The 
sliding  surface  must  be  horizontal,  so  that  there  will  be  no  tendency  for 
the  span  as  a  whole  to  creep  in  one  direction.  The  plates  must  be  figured 
to  transfer  the  load  from  the  end  stifTeners  of  the  girder  to  the  supporting 
steelwork.     Provision  must  be  made  against  transverse  displacement  of 
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the  girder;  and  sometimes  it  should  be  bolted  down  to  prevent  possible 
uplift.  The  details  of  the  supporting  steelwork  Mali  vary  widely  with 
the  conditions  of  each  case.  Examples  of  tliis  type  of  bearing  are  to 
be  found  in  Figs.  Idg,  19/?,  and  24fir. 

When  a  girder  exceeding  fifty  feet  in  length  rests  on  other  steelwork, 
some  form  of  sliding  rocker  bearing  should  be  used.  In  one  type  of 
such  a  bearing  a  thick  casting  is  riveted  to  the  bottom  flanges  of  the  girder, 
in  the  bottom  side  of  which  there  is  planed  a  recess  of  cylindrical  form, 
the  axis  of  the  cylinder  being  transverse  to  the  girder.  This  recess  fits 
down  onto  a  narrow  steel  block  which  extends  the  full  width  of  the  casting, 
and  has  its  top  surface  turned  to  a  radius  somewhat  less  than  that  used 
for  the  said  casting.  This  block  is  planed  on  the  bottom,  and  slides  on 
a  steel  or  phosphor-bronze  plate  which  rests  on  the  steelwork  beneath. 
This  plate  either  is  to  be  planed  on  the  top,  or  else  it  must  be  straightened; 
and  its  top  surface  must  be  horizontal.  It  must  be  designed  to  transfer 
the  load  from  the  steel  block  to  the  supports.  As  in  the  case  of  plain 
shding  bearings,  provision  should  be  made  against  horizontal  displace- 
ment; and  in  some  cases  the  girders  should  be  bolted  down  to  prevent 
possible  uplift. 

In  designing  expansion  bearings  of  either  of  the  two  types  last  dis- 
cussed, care  must  be  taken  to  see  that  sufficient  clearance  is  allowed  for 
painting  and  field  riveting  after  the  expansion  girder  has  been  erected, 
and  that  no  pocket  which  might  collect  dirt  or  water  is  formed. 

A  great  many  special  tj^jes  of  end  bearings  have  been  designed  to 
suit  unusual  conditions.  The  author  once  had  occasion  to  support  one 
end  of  a  long  girder  on  the  end  pin  of  an  adjacent  truss  span.  A  number 
of  interesting  forms  are  to  be  found  in  Part  II  of  "Details  of  Bridge  Con- 
struction," by  Skinner. 

The  shoes  of  girder-spans  which  are  carried  on  masonry  nearly  always 
rest  directly  thereon;  but  occasionally,  when  the  loads  are  very  heavy, 
it  may  prove  economical  to  rest  them  on  grillages  which  are  embedded 
in  the  tops  of  the  piers  or  abutments.  These  grillages  usually  consist 
of  I-beams.  The  top  surfaces  of  all  of  the  beams  of  a  grillage  must  be 
planed  at  one  operation  after  they  have  been  assembled  and  riveted, 
in  order  to  ensure  that  the  shoe  shall  have  a  uniform  bearing  thereon; 
and  in  setting  them  in  position  every  care  should  be  taken  to  see  that 
they  are  leveled  up  correctly.  The  bottom  of  the  shoe  which  bears  on 
the  grillage  must  be  planed. 

When  a  shoe  rests  directly  on  the  masonry,  the  seat  therefor  may  be 
prepared  in  one  of  two  ways.  In  the  first  method  the  top  surface  of  the 
masonry  is  brought  to  correct  elevation  and  very  carefully  leveled;  and 
the  bottom  surface  of  the  shoe  is  planed.  The  shoe  is  set  on  the  surface 
thus  prepared,  a  sheet  of  lead  one-eighth  of  an  inch  thick  often  being 
interposed  in  order  to  allow  for  possible  inequalities.  In  the  second  method 
the  surface  of  the  masonry  is  left  about  three-quarters  of  an  inch  lower 
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than  the  elevation  of  the  bottom  of  the  shoe,  no  attempt  being  made  te 
level  it  up  exactly;  and  the  bottom  of  the  shoe  is  also  left  rough.  The 
shoe  is  placed  in  position  and  properly  aligned  and  leveled  up,  and  the 
space  between  it  and  the  masonry  is  then  grouted. 

The  leveling  up  of  a  shoe  is  a  rather  tedious  process  when  it  is  done 
by  the  use  of  steel  shims  or  wedges.  A  much  better  arrangement  is  to 
place  a  set  screw  at  each  of  the  four  corners.  These  screws  should  be 
about  one  inch  in  diameter.  In  light  shoes  they  can  bear  directly  on 
the  masonry;  but  in  heavy  shoes  they  should  rest  on  flat  plates.  The 
lower  ends  should  be  rounded  slightly  rather  than  left  flat,  so  that  the 
shoe  will  not  have  a  tendency  to  shift  sidewise  when  the  screw  is  turned. 
The  shoe  or  grillage  should  first  be  placed  in  correct  position,  and  then 
brought  to  the  proper  elevation  by  means  of  the  screws. 

DESIGNING  AND  DETAILING  OF  PLATE-GIRDER  AND 
ROLLED  I-BEAM  BRIDGES  IN  GENERAL 

The  method  of  carrying  through  the  work  of  designing  and  detaiUng 
of  bridge  structures  in  general  is  treated  fully  in  Chapter  LVIII.  The 
remainder  of  the  present  chapter  will  discuss  special  points  which  may 
arise  in  the  design  of  the  ordinary  types  of  plate-girder  and  rolled  I-beam 
bridges.  The  design  of  the  floors  and  floor  systems  of  such  structures  is 
fully  covered  in  Chapter  XIX,  and  that  of  the  lateral  system  in  Chapter 
XX.  For  the  design  of  Trestles,  Viaducts,  Bridge  Approaches,  and  Ele- 
vated Railroads,  which  are  usually  of  the  plate-girder  type,  the  reader 
is  referred  to  Chapters  XXIII  and  XXIV. 

ROLLED  I-BEAM  RAILWAY  SPANS 

The  design  of  a  structure  of  this  type  involves  merely  the  floor,  bracing, 
I-beams,  and  end  details. 

The  main  point  to  be  settled  in  the  layout  of  the  steelwork  is  the 
number  of  beams  per  track.  It  will  always  be  found  that  the  minimum 
number  which  will  carry  the  loading  will  be  the  most  economical  of  metal. 
This  will  require,  however,  a  deeper  structure  from  grade  to  under  clear- 
ance than  will  a  greater  number  of  beams,  and  may  necessitate  heavier 
ties  or  slabs.  It  may  also  in  some  locations  cause  the  grade  of  the  tracks 
to  be  raised,  thus  involving  extra  expense  for  both  the  abutments  and  the 
approach  fills;  and  furthermore,  the  change  in  the  grade  may  be  undesir- 
able for  other  reasons.  All  of  these  factors  should  be  duly  considered 
before  the  selection  of  the  number  of  beams  is  made. 

There  are  two  kinds  of  I-beams  on  the  market,  the  American  Standard 
and  the  Bethlehem  Special.  As  between  the  two,  the  author  prefers  to 
adopt  the  former  in  general,  using  the  latter  solely  where  the  standard 
beam  will  carry  the  load  only  by  the  use  of  an  excessive  amount  of  metal. 
So  long  as  the  same  number  of  beams  per  track  is  required  in  any  case, 
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Fig.  21s.     Diagram  for  Design  of  I-Beams  for  Railway  Spans. 
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the  Bethlelicm  beams  will  afford  a  considerable  saving  in  weight,  and 
a  small  saving  in  money;  but  where  the  retention  of  the  standard  beams 
means  the  emploj'ment  of  more  lines  of  beams  than  the  use  of  the  Bethle- 
hem sections,  the  difference  in  cost  will  be  quite  large.  The  author  prefers 
the  standard  beam,  because  he  considers  that  its  strength  has  been  better 
proved. 

The  design  of  the  I-beams  is  very  simple,  it  being  necessary  to  figure 
merely  the  centre  moment,  the  maximum  shear  on  the  web,  and  the 
maximum  end  reaction.  The  maximum  shear  on  the  web  is  not  often 
needed  with  the  standard  beams,  except  occasionally  when  only  two  beams 
per  track  are  used.  Care  should  be  exercised  to  see  that  the  proper  load 
per  beam  is  taken,  one-half  or  double  the  correct  amount  being  occasion- 
ally used  by  mistake.  The  section  modulus  required  is  computed  from 
the  centre  moment,  and  the  beam  is  selected  from  the  manufacturer's 
handbook.  The  calculations  can  be  simplified  by  the  use  of  Fig.  21s. 
This  diagram  gives  directly  the  section  modulus  required  per  beam  for 
various  span  lengths  and  various  classes  of  loading,  when  four  beams  per 
track  and  open-timber  decks  are  adopted.  If  any  other  type  of  floor  is 
employed,  the  proportionate  increase  in  the  total  load  per  lineal  foot  over 
that  when  the  timber  deck  is  used  can  be  computed  approximately,  and 
the  increase  in  the  required  section  modulus  quickly  determined.  If  there 
should  be  any  holes  out  of  the  bottom  flange  near  mid-span,  the  net  moment 
of  inertia  of  the  beam  must  be  employed,  as  has  been  previously  pointed 
out;  but  with  proper  detailing  this  will  rarely  occur. 

The  number  of  end  stiffening  angles  required  is  next  to  be  settled. 
If  the  vertical  compressive  stress  on  the  web  over  the  shoe  is  rather  low, 
only  two  angles  will  be  needed.  These  should  be  placed  at  the  end  of 
the  beam  so  that  the  end  diaphragm  can  rivet  to  them.  If  the  said  stress 
is  higher  (say  over  10,000  lbs.  per  sq.  in.),  it  will  be  well  to  place  two 
similar  angles  at  the  other  end  of  the  shoe.  These  angles  will  rarely  be 
required  on  this  account  unless  Bethlehem  beams  are  employed;  but 
under  heavy^  loads  their  adoption  is  frequently  advisable  in  order  better 
to  distribute  the  load  to  the  shoe.  All  end  stiffeners  should  have  a  tight 
fit  at  both  top  and  bottom. 

Except  for  unusually  long  spans,  say  over  twenty-five  feet,  no  provision 
for  expansion  or  contraction  is  necessary. 

There  are  no  important  points  in  the  detailing  that  are  not  fully  covered 
elsewhere,  either  in  this  chapter  or  in  the  two  preceding  ones. 

In  Fig.  2lt  will  be  found  complete  details  for  a  span  with  timber  deck 
having  two  beams  per  track,  and  in  Fig.  21w  the  details  for  a  span  having 
a  similar  deck,  but  four  lines  of  beams  per  track. 

ROLLED  I-BEAM  HIGHWAY  SPANS 

Usually  the  only  portions  to  be  designed  are  the  floor,  bracing,  I-beams, 
and  end  details.     Ordinarily,  bracing  is  needed  at  the  ends  only.     The 
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number  of  lines  of  beams  required  will  depend  mainly  upon  the  loading 
and  the  type  of  floor  adopted.  It  will  be  economical  of  steel  to  use  as 
few  lines  of  beams  as  possible ;  but  when  a  very  shallow  structure  is  called 
for,  the  employment  of  a  larger  number  of  beams  is  frequently  advisable. 
The  design  of  the  I-beams  and  the  end  details  is  simple,  being  very  similar 
to  that  required  for  railway  spans.  It  should  rarely,  if  ever,  be  necessary 
to  test  the  shearing  strength  of  the  web  of  the  beam.  The  detailing  is 
simple,  and  requires  no  comments. 

RAILWAY  DECK  PLATE-GIRDER  SPANS 

In  this  type  of  structure  it  is  generally  necessary  to  design  the  floor, 
lateral  system,  vertical  sway  bracing,  main  girders,  and  shoes.  All  of 
these  questions  have  been  treated  quite  fully  already,  so  that  hardly  any 
comments  are  necessary.  It  might  be  mentioned,  however,  that  the  direct 
vertical  load  on  the  rivets  in  the  top  flange  is  to  be  figured  by  assuming 
the  load  from  one  wheel  of  the  normal  (not  the  alternative)  loading  to 
be  distributed  uniformly  over  a  length  equal  to  three  times  the  tie  spacing. 

Fig.  21y  shows  the  complete  details  for  a  girder  span  of  this  form  in 
which  both  flanges  are  composed  of  angles  and  cover-plates;  and  Fig.  21w 
shows  typical  details  for  a  span  with  a  four-angle  top  flange. 

RAILWAY,  THROUGH,  PLATE-GIRDER  SPANS 

In  a  structure  of  this  type  it  is  necessary  to  design  the  floor,  the  floor 
system,  the  laterals,  the  main  girders,  and  the  shoes. 

No  further  explanations  are  necessary  in  regard  to  the  design  of  the 
floor,  floor  system,  and  laterals.  The  design  of  the  main  girder  itself 
presents  a  number  of  distinctive  features.  It  will,  of  course,  be  materially 
influenced  by  the  choice  of  the  type  of  floor.  When  the  floor  system 
consists  of  transverse  I-beams  or  troughs,  the  rivets  in  the  bottom  flange 
will  frequently  have  to  carry  a  part  or  all  of  the  vertical  load  from  the 
beams  or  troughs,  and  this  fact  should  not  be  overlooked.  The  spacing 
of  the  intermediate  stiffeners  will  usually  have  to  be  made  to  suit  the 
floor  system;  and  when  floor-beams  and  stringers  are  employed,  the  said 
stiffeners  generally  carry  the  floor-beams.  In  this  case  they  should  not  be 
crimped. 

The  end  details  of  a  through  plate-girder  are  generally  different  from 
those  which  have  previously  been  discussed.  In  the  first  place,  a  con- 
nection for  an  end  floor-beam  or  brace  is  to  be  provided ;  and  in  the  second 
place,  the  appearance  of  a  girder  of  this  type  is  important.  On  account 
of  the  latter  consideration  it  is  customary  to  round  off  the  ends,  bending 
the  top  flange  angles  through  a  quarter  turn  of  two  and  a  half  feet  radius 
or  more,  and  running  them  down  to  the  bottom  flange. 

The  flange  angles  should  be  cut  and  spliced  (the  two  at  different  points) 
a  few  feet  from  the  beginning  of  the  curve,  as  the  bending  of  the  long 
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lioavy  angles  is  a  difficult  shop  process.  The  inside  cover-plate  should 
(>xtencl  nearly  to  the  curve,  and  should  be  spliced  to  a  plate  of  the  same 
width  and  Y^"  thick,  which  plate  is  carried  around  the  curve  and  down 
to  the  bottom  flange.  The  curved  angles  are  usually  crimped  over  the 
\'ertical  legs  of  the  bottom  flange  angles;  and,  therefore,  they  should 
not  be  relied  upon  to  carry  any  vertical  load.  The  entire  end  shear  is 
ordinarily  taken  by  four  angles,  arranged  as  shown  in  Fig.  2\q.  It  is 
l>referable  that  these  angles  be  shop-riveted  to  the  girder,  with  their 
outstanding  legs  in  contact,  and  that  the  end  floor-beam  or  bracket  be 
field-riveted  to  the  said  outstanding  legs.  Occasionally  one  pair  of  the 
angles  is  field-riveted,  and  the  floor-beam  web  placed  between  the  out- 
standing legs  of  the  two  angles;  but  the  bearing  value  of  the  field-riveted 
angles  is  a  Uttle  uncertain,  and  the  detail  should  be  used  only  w^here  it  is 
impossible  to  take  care  of  the  floor-beam  load  by  the  other  method. 

AVhen  there  are  several  successive  through  spans,  it  is  best  to  use  the 
rounded  detail  on  the  outer  ends  of  the  two  end  girders  only.  The  end 
details  at  the  other  points  will  then  be  practically  the  same  as  for  deck 
girders. 

The  detailing  involves  no  points  that  have  not  already  been  fully 
treated.  In  Fig.  21x  will  be  found  the  details  for  the  end  panel  of  an  85'  9" 
railway,  through,  plate-girder  span. 

HIGHWAY  AND  ELECTRIC  RAILWAY,  DECK,   PLATE-GIRDER  SPANS 
WITHOUT  FLOOR-BEAMS  AND  STRINGERS 

This  tjT)e  of  structure  is  rarely  found,  except  for  bridges  carrying 
electric  railway's  only.  The  designing  and  detailing  will  in  all  essential 
matters  follow  that  of  railway,  deck,  plate-girder  spans,  excepting  only 
as  modified  by  the  specifications  of  Chapter  LXXVIII.  In  determining 
the  loads  for  the  design  of  the  main  girder,  the  dead  load  of  the  main 
girder  itself  may  be  taken  from  the  curves  of  Fig.  55/f,  after  an  approxi- 
mate value  of  the  total  load  per  lineal  foot  has  been  found. 

HIGHWAY  AND  ELECTRIC  RAILWAY,  DECK,   PLATE-GIRDER  SPANS 
WITH  FLOOR-BEAMS  AND  STRINGERS 

Structures  of  this  type  are  very  frequent,  being  used  for  most  steel 
city  bridges  of  short  span,  and  for  the  approaches  to  many  larger  bridges. 
In  their  design  there  is  to  be  taken  into  account  the  floor,  the  floor  system, 
the  laterals,  the  main  girders,  and  their  end  supports.  The  designing  and 
detailing  embrace  hardly  any  points  that  have  not  already  been  fully 
discussed. 

HIGHWAY  AND  ELECTRIC  RAILWAY,  THROUGH,   PLATE-GIRDER  SPANS 

The  design  and  detailing  of  a  span  of  this  sort  present  no  points  that 
have  not  already  been  adequately  treated. 
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When  plate-girders  cannot  be  used  on  account  of  the  length  of  ^pan 
being  too  great,  it  is  necessary  to  resort  to  some  form  of  truss  bridge.  As 
a  rule,  for  spans  under  one  hundred  (100)  feet,  and  in  many  cases  for 
spans  up  to  one  hundred  and  thirty  (130)  feet,  plate-girders  are  adopted 
for  the  reasons  given  in  the  preceding  chapter.  Consequently,  about 
one  hundred  (100)  feet  is  the  inferior  limit  for  truss  spans;  and  only  in 
pony  trusses,  a  type  to  which  the  author  objects  most  vigorously,  is  this 
limit  ever  lowered.  Various  ranges  in  span  length,  more  or  less  elastic, 
have  been  settled  upon  for  the  economical  use  of  the  different  t>T)es  of 
trusses,  and  these  will  be  given  in  the  following  discussion. 

For  many  years  American  bridge-designers  exercised  their  ingenuity 
in  devising  new  forms  of  trusses  and  girders,  the  principal  object  of  their 
endeavors  being  to  find  forms  involving  the  use  of  the  smallest  amount 
of  metal.  Each  form  as  it  appeared  was  tested  by  subjecting  it  to  the 
ordeal  of  actual  use,  which  showed  conclusively  both  its  merits  and  its 
defects;  hence,  by  a  process  of  elimination,  based  upon  the  principle  of 
the  survival  of  the  fittest,  a  few  forms  have  been  retained  and  the  others 
have  been  relegated  to  the  history  of  bridge-building.  As  might  have 
been  anticipated,  the  few  forms  which  have  survived  are  the  simplest 
of  all;  and  although  even  at  the  present  time  one  hears  occasionally  of 
some  improved  form  of  truss,  the  assumed  improvement  rarely  materializes. 
The  forms  of  truss  that  have  best  survived  the  test  of  time  are  the  Pratt, 
Petit,  Single-Intersection  Triangular,  Double-Intersection  Triangular,  and 
Warren.  The  principal  ones  of  those  that  may  be  considered  antiquated 
are  the  Fink,  BoUman,  Howe,  Post,  Lenticular,  Parabolic,  Lattice,  Whipple, 
Schwedler,  Kellogg,  Baltimore,  Radial,  Pegram,  "A,"  and  Camel-Back. 

The  Pratt  truss.  Fig.  22a,  is  the  type  most  commonly  used  in  America 
for  spans  under  two  hundred  and  fifty  (250)  feet  in  length.     Its  advantages 


Fig.  22a.     Frjitt  Truss. 

are  simplicity,  economy  of  metal,  and  suitability  for  connecting  to  the 
floor  and  lateral  systems.     Its  counterbracing  may  be  effected  either  by 
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the  uso  of  adjustable  counter-rods,  as  shown  by  the  dotted  lines,  or  by  stif- 
fening the  main  members  in  which  there  is  a  possibility  of  reversion  of 
stress.  Its  chords  are  not  necessarily  parallel,  but  may  be  inclined  as 
in  Fig.  226.  This  latter  form  is  frequently  known  as  the  Parker  truss. 
The  Petit  truss,  Figs.  22c,  22d,  22c,  and  22/,  is  a  modification  of  the 


Fig.  226.     Pratt  Truss  with  Polygonal  Top  Chord  (Parker  Truss): 

Pratt,  and  is  generally  used  for  spans  exceeding  two  hundred  and  fifty 
or  three  hundred  feet.  It  is  comparatively  simple,  and,  like  the  Pratt 
truss,  it  is  economical  of  metal  and  lends  itself  readily  to  the  connection 
of  the  fioor  and  lateral  systems.  It  has  the  disadvantage  that  its  second- 
ary stresses  are  rather  high;  but  these  can  be  materially  reduced,  as  was 
shown  in  Chapter  XI.     It  can  be  used  for  very  long  spans — even  for  those 


Fig.  22c.     Petit  Truss  with  Sub-struts  and  Parallel  Chords  (Baltimore  Truss). 

exceeding  one  thousand  (1,000)  feet,  although  no  simple  span  as  long 
as  that  has  yet  been  constructed.  The  chords  may  be  parallel,  as  showTi 
in  Figs.  22c  and  22d\  but  they  are  generally  inclined,  as  shown  in  Figs. 
22e  and  22/.  The  Petit  truss  with  parallel  chords  is  frequently  referred 
to  as  the  Baltimore  truss,  while  when  the  chords  are  inclined  it  is  some- 
times knowm  as  the  Pennsylvania  truss.     The  sub-diagonals  may  run  frowi 


Fig.  22d.     Petit  Truss  with  Sub-ties  and  Parallel  Chords  (Baltimore  Truss). 


the  mid-points  Qt  the  main  diagonals  down  to  the  bottom  chord,  as  in 
Figs.  22c  and  22(e,  or  up  to  the  top  chords,  as  in  Figs.  22c^  and  22/.  The 
former  type  is  to  be  preferred,  as  the  secondary  stresses  are  lower,  and 
the  truss  is  less  vibratory.  It  also  affords  a  small  saving  of  weight  in 
riveted  construction.  When  the  panels  are  long,  as  they  generally  are, 
it  is  custojnary  to  support  the  top  chords  at  mid-panel  length  by  light 
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vertical  struts  extending  down  to  the  intersection  of  the  two  diagonals,  as 
shown  by  the  dotted  lines  in  Figs.  22e  and  22/. 

The  Single-Intersection  Triangular  truss,  Fig.  22gf,  is  employed  for 
short,  deck  girder-spans,  mainly  in  elevated  railroad  construction.     It 


Fig.  22e.     Petit  Truss  with  Sub-struts  and  Polygonal  Top  Chord  (Pennsylvania 

Truss) . 


requires  nearly,  if  not  quite,  as  much  metal  as  the  plate-girder,  and  costs 
a  little  more  per  pound  to  manufacture.  Almost  its  sole  reason  for 
existence  in  elevated  railroads  is  that  it  obstructs  the  light  less  than 
the  plate-girder,  which  type  is  almost  universally  acknowledged  to  be 


Fig.  22/.     Petit  Truss  with  Sub-ties  and  Polygonal  Top  Chord  (Pennsylvania  Truss). 

its  superior  in  every  other  particular.  Some  people  think  that  its  ap- 
pearance is  preferable  to  that  of  plate-girder  structures,  but  that  is  a 
matter  of  taste.  It  is  difficult  to  conceive  how  any  artistic  construction 
can  be  accomplished  by  the  employment  of  open-webbed,  riveted  deck- 


t^G.  22^.     Single-Intersection  Triangular  Truss. 

girders,  hence  it  is  better  generally  to  use  plate-girders  wherever  they 
are  permitted.  This  type  of  truss  can  be  built  with  inclined  chords,  but 
there  is  seldom  any  good  reason  for  so  doing. 

The  form  of  truss  shown  in  Fig.  22g  is  frequently  modified  by  adding 


Fig.  22h.     Single-Intersection  Triangular  Truss  with  Verticals. 

verticals  at  each  panel-point,  giving  the  outline  illustrated  in  Fig.  22h. 
This  type,  known  as  the  Single-Intersection  Triangular  truss  with  verticals, 
is  extensively  employed  for  riveted  trusses  of  comparatively   ?hort  span. 
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It  has  the  disadvantage  that  the  bottom  chord  is  subjected  to  rather 
high  secondary  stresses  in  the  portions  near  the  foot  of  each  hanger,  and 
the  upper  chord  to  such  stresses  near  the  top  of  each  vertical  post; 
but  these  can  be  prett}^  well  eliminated,  as  was  explained  in  Chapter  XI. 
The  Double-Intersection  Triangular  truss.  Fig.  22/',  has  managed  to 
survive  with  apparently  very  little  good  reason  for  having  done  so.  In 
addition  to  the  unavoidable  ambiguity  inherent  to  multiple-intersection 
trusses,  the  secondary  stresses  in  this  type  run  high.  It  is  claimed  that 
it  affords  a  certain  economy  of  metal,  but  this  is  offset  by  the  greater  cost 


Fig.  22i.     Double-Intersection  Triangular  Truss. 

of  the  fieldwork.  In  some  cases  small  vertical  posts  are  run  from  the 
intersections  of  the  diagonals  with  each  other  up  to  the  middle  of  the 
long  top  chords  so  as  to  support  them,  as  in  Fig.  22j.  Whether  this 
detail  is  of  much  value  is  problematical,  as  the  deflection  of  the  intersection 
point  must  certainly  cause  some  bending  on  the  top  chord,  which  bending 
would  not  exist  were  the  vertical  absent.  It  would  appear  better  to 
deepen  the  chord,  even  at  the  expense  of  some  metal.     Supporting  the 

chord   at   mid-panels   theoretically   halves   the   value   of   —   and    thus 

reduces  the  intensity  of  working  stress  for  the  strut;  but  the  gain  is 
probably  more  than  offset  by  the  increased  secondary  stresses.     In  deck 


Fig.  22/.     Double-Intersection  Triangular  Truss  with  Verticals. 


trusses  such  vertical  posts  are  sometimes  employed  to  support  floor- 
beams,  thus  halving  the  panel  lengths  of  the  floor  system;  and  in  this 
case  their  use  is  entirely  proper. 

The  Subdivided  Triangular  truss,  illustrated  in  Fig.  \i,  has  lately  been 
resurrected  by  Lindenthal  in  his  proposed  bridge  over  the  Ohio  River  at 
Sciotoville,  Ohio.  In  the  late  sixties  Albert  Fink  designed  and  built  a 
truss  bridge  of  this  kind  over  the  Ohio  at  Louisville,  Ky.,  except  that  he 
used  sub-ties  instead  of  sub-struts;  and  in  the  late  eighties  the  Illinois 
( 'entral  Railway  Company  built  a  bridge  of  this  type  over  the  same 
river  at  Cairo,  111. — at  that  time  the  longest  bridge  in  America.  In 
riveted  construction  there  is  possibly  a  slight  economy  of  metal  in  this 
truss    over   the    Petit    truss;     but,   in  the  author's   opinion,    the  small 
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saving,    if    such   there  be,    is  more  than  offset  bj^  the   more    sightly- 
appearance  of  the  latter. 

The  term  Warren  truss  or  Warren  girder  was  originally  applied  only 
to  the  particular  case  of  the  Triangular  truss  in  which  the  web  triangles 


Fig.  22k.    Single-Intersection  Warren  Truss. 

are  all  equilateral;  but  later  writers  generally  use  the  name  for  any  trian- 
gular truss.  It  is  built  of  the  single-intersection  form  without  verticals,  as 
in  Fig.  22A;,  of  the  single-intersection  form  with  verticals,  as  in  Fig.  221, 
and  of  the  double-intersection  form,  as  in  Fig.  22m.  As  there  is  no  spe- 
cial advantage  in  making  the  web  triangles  equilateral,  there  does  not 
appear  to  be  any  good  raison  d'etre  for  the  use  of  the  true  Warren  type. 


Fig.  221.    Single-Intersection  Warren  Truss  with  Verticals, 

The  Fink  truss.  Fig.  22n,  and  the  Bollman  truss,  Fig.  22o,  are  so 
eminently  lacking  in  rigidity  that  the  vibrations  induced  in  them  by 
trains  passing  at  high  speed  are  truly  alarming.  Not  only  has  their 
construction  been  entirely  abandoned  for  many  years,  but  most  of  the 
old  railroad  bridges  of  these  types  have  been  remov^^d  and  replaced  by 
better  structures. 

The  Howe  truss,  Fig.  22p,  is  still  used  for  wooden  bridges  on  railroads 


Double-Intersection  Warren  Truss. 


of  light  traffic  that  are  located  far  from  the  centres  of  civilization,  where 
metal  is  necessarily  expensive  and  timber  is  cheap;  but  the  great  weights 
of  modern  trams  render  it  almost  impracticable  to  design  a  wooden  Howe 
truss  bridge  so  as  to  withstand  in  a  satisfactory  manner  the  stresses 
induced  thereby,  especially  in  the  details.     The  Howe      uss  was  never 
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employpd  to  any  extent  for  metal  bridges,  because  its  web  system  would 
manifestly  be  uneconomical,  the  diagonals  being  in  compression  and  the 
verticals  in  tension.  In  wooden  bridges  of  this  type  there  is  a  counter- 
strut  in  each  panel,  as  shown  by  the  dotted  lines. 


Fig.  22n.    Fink  Truss. 

The  Post  truss,  Fig.  22g,  was  quite  fashionable  some  thirty-five  or 
forty  years  ago,  and  was  then,  thanks  to  Col.  Merrill,  considered  the 
most  economical  of  all  the  existing  types  of  trusses.  Investigation  has 
since  shown  that  the  gentleman  referred  to  was  not  warranted  in  his 


Fig.  22o.     Bollman  Truss. 

conclusions,  which  were  drawn  from  certain  elaborate  calculations  based 
upon  untenable  assumptions;  and  nearly  all  the  bridges  that  were  built 
of  this  type  have  been  replaced,  the  principal  weak  points  therein  being 


Fig.  22p.     Howe  Truss. 

the  closed  columns  and  the  loose-jointed  detailing.  Concerning  Post 
truss  bridges  the  author  feels  that  he  can  speak  with  authority;  for  in  1888 
he  was  called  upon  to  rebuild  one  of  the  largest  of  these  structures,  which 
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Fig.  22g.    Post  Truss. 

had  been  partially  destroyed  by  fire.  It  was  a  very  difficult  piece  of  work 
to  pr.tch  up  the  detailing  so  as  to  make  it  safe  and  passable;  and  it  was 
absolutely  impossible  to  make  the  bridge  anything  like  a  first-class  struc- 
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ture,  even  for  the  light  hve  load  it  had  to  carry.     It  is  still  standing  today, 
but  is  no  longer  used  for  traffic  of  an}^  kind. 

The  objections  to  the  Lenticular  truss,  Fig.  22r,  are  its  want  of 
economy  of  metal,  the  difficulty  involved  in  bracing  the  trusses  laterally, 
and  the  extra  expense  in  its  manufacture  due  to  the  many  varying  lengths 
of  its  main  members.     It  has  been  employed  more  in  Europe  than  in 


Fig.  22r.     Lenticular  Truss. 

America.  To  the  layman  its  appearance  may  often  be  more  pleasing 
than  that  of  the  ordinary  American  bridge;  but  to  the  initiated  engineer 
its  evident  extravagance  of  material  and  shopwork  is  sufficient  cause  for 
its  condemnation. 

The  objections  to  the  Parabolic  truss,  Fig.  22s,  are  the  necessity  of 


Fig.  22s.     Parabolic  Truss. 

counterbracing  every  panel  and  the  impossibility  of  using  an  efficient 
overhead  system  of  sway-bracing  near  the  ends  of  the  span. 

The  most  unsatisfactory  feature  of  the  Triangular  Lattice  truss. 
Fig.  22^,  or  any  other  truss  involving  the  use  of  more  than  a  single  system 
of  cancellation,  is  the  unavoidable  ambiguity  in  the  stress  distribution. 


Fui.  22/      Triunsular  Lattice  Truss. 


There  are  still  a  few  American  engineers  who  continue  to  design  such  bridges, 
but  their  number  is  rapidly  becoming  less.  They  seem  to  think  that 
there  is  some  inherent  virtue  in  several  systems  of  triangulation,  and 
that  structures  of  this  type  are  more  rigid  than  other  bridges.  The 
general  opinion  of  bridge  engineers,  however,  does  not  endorse  their 
views,  for  the  great  majority  concede  that  a  single  system  of  cancellation 
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is  the  only  one  which  is  truly  scientific,  and  that  bridges  built  thus  possess 
all  tlie  advantages  claimed  for  multiple-system  trusses  and  none  of  their 


Fig.  22u.     Lattice  Truss  with  Polygonal  Top  Chord. 

characteristic  disadvantages.  The  only  vaHd  plea  ever  made  for  multiple- 
intersection  bridges  is  that  in  case  of  the  derailment  of  a  train  on  the  struc- 
ture, they  have  a  better  chance  than  single-intersection  bridges  of  escap- 


FiG.  22«;. 


Fig.  22w. 


Fig.  22a;. 


Fig.  22y. 
Systems  of  Lattice  Truss  with  Polygonal  Top  Chord. 
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ing  total  destruction;  but  as  bridges  cannot  well  be  designed  for  derailed 
trains,  this  plea  is  not  of  much  value.  It  is  acknowledged  by  those 
who  are  posted  that  much  more  metal  is  required  for  trusses  of  multiple 
systems  than  for  those  of  single-cancellation  systems.  The  fact  that  the 
Whipple  truss,  Fig.  22z,  is  more  economical  of  metal  than  the  Pratt  truss, 
Fig.  22a,  after  certain  span  lengths  are  exceeded,  does  not  militate  against 
the  correctness  of  this  statement;  because  for  such  long  spans  the  Petit 
truss,  Figs.  22c,  22i,  22e,  or  22/,  replaces  the  Pratt,  and  it  is  more  economi- 
cal of  metal  than  the  Whipple.  Again,  ordinary  multiple-system  trusses 
are  more  subject  to  secondary  stresses  than  are  single-cancellation  trusses, 
partly  for  the  reason  that  the  various  members  of  the  latticed  webs  are 
riveted  together  in  the  field  and  are,  in  consequence,  distorted  by  the 
drifting,  unless  the  trusses  are  assembled  and  reamed  in  the  shop,  and 
partly  on  account  of  the  fact  that  if  one  truss  system  happens  to  be  more 
highly  loaded  than  another,  the  panel-points  thereof  will  deflect  more 
than  those  of  the  other  system. 

It  is  common  practice  in  Europe,  but  almost  unheard  of  in  America, 
to  use  polygonal  chords  in  lattice  trusses,  as  in  Fig.  22m.  When  for  the 
purpose  of  computing  stresses  such  a  truss  is  divided  into  its  component 
systems,  as  in  Figs.  22v,  22w,  22a;,  and  22y,  it  will  be  seen  that  the  top 
chord  stresses  have  to  travel  from  panel-point  to  panel-point  through 
bent  members;  and  were  not  these  bent  struts  stayed  at  the  points  of 
bending  by  the  web  members  of  the  other  component  trusses,  the  struc- 
ture would  collapse.  But  the  chord  struts  of  one  component  truss  can 
be  stayed  only  by  inducing  rather  large  stresses  in  the  other  component 
trusses;  hence  the  calculation  of  the  web  stresses  is  exceedingly  intri- 
cate. Strickly  speaking,  they  are  not  solvable,  except  by  the  methods 
discussed  in  Chapter  XII  for  the  calculation  of  stresses  in  indeterminate 
trusses. 

The  Whipple  truss.  Fig.  22z,  is  a  double-intersection  type,  similar  to 
the  lattice,  with  two  systems  of  cancellation  only.  It  used  to  be  very 
common  in  America,  but  nowadays  it  is  seldom  employed  in  designing. 


Fig.  222.     Whipple  Truss. 

The  ambiguity  of  stress  distribution  that  it  involves  when  the  num- 
ber of  panels  is  not  exactly  divisible  by  four  (4)  is  Avell  worthy  of 
consideration. 

The  Schwedler  truss,  Fig.  22aa,  is  a  variation  of  the  Whipple  that 
is  suitable  for  long  si)ans.  Its  appearance  is  against  it,  for  not  even  its 
originator  could  hold  that  it  has  any  claim  to  beauty.     It  might,  however, 
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show  some  economy  of  metal  as  compared  with  certain  other  types  of 
trusses. 

The  Kellogg  truss,  Fig.  2266,  is  a  variation  of  the  Pratt,  but  is  inferior 
to  it  in  rigidity.  It  was  a  freak  and  never  had  any  valid  claim  to  exis- 
tence, hence  its  life  was  short. 


Fig.  22aa.     Schwedler  Truss. 

The  Pegram  truss.  Fig.  22cc,  was  used  quite  largely  by  its  originator, 
George  H.  Pegram,  Esq.  C.E.,  but  no  one  else  seems  to  have  made 
use  of  it.  It  is  more  sightly  in  appearance  than  the  Pratt  truss; 
but  as,  of  necessity,  it  involves  the  use  of  suspended  floor-beams,  it  is  in- 
ferior to  that  standard  type.  Mr.  Pegram  claimed  an  economy  of  metal 
for  his  type  of  truss  as  compared  with  the  Pratt  and  other  trusses;   but 


Fig.  2266.     Kellogg  Truss. 

if  it  really  existed,  it  was  more  than  offset  by  the  greater  cost  of  shop- 
work.  The  peculiar  feature  of  the  truss  is  that  the  panel  lengths  of  the 
upper  chord  are  equal  to  each  other,  notwithstanding  the  polygonal 
outline. 

The  "A"  truss  bridge,  Fig.  22dd,  patented  many  years  ago  by  the 
author,  served  a  good  purpose  for  some  time  until  the  modern  riveted 


Fig.  22cc.     Pegram  Truss. 

Pratt  truss  bridge  was  evolved.  Quite  a  few  of  them  were  built,  and 
nearly  all  are  still  in  use,  notwithstanding  the  fact  that  some  are  fre- 
quently overloaded  as  much  as  sixty  (60)  per  cent.  It  is  the  most  rigid 
short-span,  pin-connected  bridge  ever  built.  Its  appearance  is  odd  but 
not  displeasing. 

The  Camel-back  truss,  Figs.  22ee  and  22//,  is  a  variation  of  either 
the  Pratt  truss  or  the  Petit.      It  was  called  into  existence  by  a  large 
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bridge  company  for  the  purpose  of  saving  some  metal  and  the  shop  cost 
of  changing  the  inchnation  of  the  top  chord  at  each  panel-point.  In  ap- 
pearance the  truss  is  uncompromisingly  ugly;  and  the  sudden  change  of 
chord  inclination  came  very  near  on  two  occasions  to  proving  the  said 
bridge  company's  undoing,  for  its  computers  failed  to  note  the  necessity 


Fig.  22dd.    WaddeU's  "  A  "  Truss. 

of  counterbracing  the  panel  where  the  change  occurred.  The  result  was 
the  actual  reversing  of  the  stress  in  the  panel,  which,  had  it  lasted  more 
than  an  instant,  would  certainly  have  destroyed  the  bridge.  The  weak 
diagonals  in  the  existing  structures  of  this  type  were  stiffened  free  of 
charge  by  the  manufacturing  company  soon  after  the  defect  in  their 
design  was  discovered,  and  thus  accident  was  avoided. 


Fig.  22ee.     Camel-back  Truss. 

The  K-type  of  webbing,  which  is  being  used  in  the  cantilever  arms  and 
the  anchor  arms  of  the  new  Quebec  Bridge,  could  be  adopted  for  long- 
span  simple  trusses  as  well,  although  it  is  difficult  to  secure  a  satisfactory 
arrangement  of  the  members  in  the  end  panels.  Figs.  22gg  and  22hh 
suggest  outlines  which  might  be  employed.     The  latter  is  the  better 


Fig.  22ff.    Camel-back  Truss  with  Subdivided  Panels. 

looking  of  the  two,  but  weighs  some  ten  or  fifteen  per  cent  more.  The 
weight  of  the  truss  shoAvn  in  Fig.  22g(j  is  about  the  same  as  that  of  a  Petit 
Truss.  The  chief  superiority  of  the  K-type  over  the  Petit  is  its  lower 
secondary  stresses;  but  its  inferior  appearance  will  probably  prevent  its 
being  used  to  any  great  extent. 
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Various  combinations  of  trusses  and  arches  have  from  time  to  time 
been  suggested,  but  none  of  them  have  survived,  because  they  violate 
the  principle  that  "Simplicity  is  one  of  the  highest  attributes  of  good 
designing." 

In  respect  to  pony-truss  spans  the  author  has  maintained  for  years 
that  such  structures  should  be  ruled  out  entirely,  and  that  under  no  cir- 
cumstances is  it  necessary  to  build  them,  because  they  can  be  replaced 
by  plate-girder  spans  by  the  expenditure  of  more  money.  The  main  ob- 
jection to  pony-truss  bridges  is  that  no  man  can  tell  even  approximately 


Fig.  22gg.    K-Truss. 

what  is  the  ultimate  strength  of  their  wholly  or  partially  unsupported 
top  chords. 

The  length  of  span  at  which  it  pays  to  change  from  parallel  chords 
to  curved  or,  more  properly  speaking,  polygonal  chords,  will  vary  with 
the  class  of  bridge;  but  it  is  seldom  advisable  to  adopt  the  latter  for 
spans  under  two  hundred  feet.  The  greater  the  panel  length  the  greater 
the  limit  of  span  for  parallel  chords,  consequently  it  will  generally  be 
found  shorter  for  highway  bridges  than  for  railway  bridges.  This  curv- 
ing of  the  top  chords  of  long  through  spans  has  sometimes  been  carried 
to  such  excess  as  to  approach  very  closely  the  old  parabolic  trusses,  in 


Fig.  22hh.    K-Trusa. 


which  the  curve  extends  from  end-pin  to  end-pin.  In  a  large  and  im- 
portant bridge  over  the  Mississippi  River  the  top  chords  of  the  main 
spans,  which  exceed  five  hundred  feet  in  length,  are  so  curved  as  to  in- 
volve the  use  of  a.  very  shallow  portal,  allowing  but  the  ordinary  clear 
headway  beneath.  Such  excessive  curvature  causes  the  top  chord  to  do 
most  of  the  work  of  the  web  and  makes  the  latter  too  light  and  vibratory. 
It  also  necessitates  the  use  of  counters  or  stiff  main  diagonals  almost  up 
to  the  ends  of  the  span.  A  proper  curvature  of  the  chords  is  not  only 
economical  of  both  metal  and  money,  but  also  is  aesthetic,  adding  greatly 
to  the  appearance  of  most  bridges,  consequently  this  feature  should  be 
encouraged,  but  not,  of  course,  to  excess.     The  best  curvature  of  chords 
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for  any  span  can  only  be  determined  by  experience,  the  controlling  factor 
being  reversion  of  web  stresses.  In  general,  it  may  be  said  that  the 
greater  the  arching  the  more  artistic  the  effect.  For  highway  bridges 
it  can  be  made  greater  than  for  railway  bridges,  because  the  effect  of 
impact  is  less  in  the  former  than  in  the  latter;  nevertheless,  even  in  high- 
way bridges  the  curvature  must  not  be  carried  to  excess  on  account  of 
the  tendency  of  light  web  members  to  set  up  vibration  from  insignificant 
moving  loads. 

The  following  examples  from  the  author's  practice  will  give  an  idea 
of  what  top-chord  curvature  can  be  employed  legitimately. 

In  a  design  for  an  eleven  hundred  foot  highway  span  (shown  in  Fig. 
52o),  for  which  the  live  load  is  4,500  pounds  per  lineal  foot  and  the  dead 
load  20,000  pounds  per  lineal  foot,  the  truss  depth  is  one  hundred  and 
fifty  feet  at  mid-span  and  eighty-four  feet  at  the  main  hips  or  second 
panel-points.  In  a  similar  design  for  a  highway  bridge  of  one  thousand 
and  forty  feet  span  (shown  in  Fig.  52n),  for  which  the  live  load  is  4,000 
pounds  per  lineal  foot  and  the  dead  load  17,000  pounds  per  lineal  foot, 
the  truss  depth  at  mid-span  is  one  hundred  and  forty  feet,  and  at  the 
main  hips  eighty-four  feet.  In  a  design  for  a  six  hundred  and  twenty- 
four  foot,  double-track  railway  span  the  respective  depths  are  ninety- 
three  feet  and  sixty-five  feet.  For  a  similar  span  of  four  hundred  and 
ninety  feet  they  are  seventy-five  feet  and  fifty-two  feet  respectively.  For 
a  five  hundred  and  sixty  foot,  double-track  railway,  motor,  wagon,  and 
pedestrian  bridge  the  depths  are  ninety  feet  and  sixty-five  feet.  For  two 
five-hundred-foot,  single-track,  railway  spans,  carrying  sidewalks  within 
the  trusses  and  wagonways  outside,  the  centre  depth  was  taken  at  seventy- 
two  feet  and  the  hip  depth  at  forty-eight  feet.  For  a  similar  bridge  and 
a  span  of  four  hundred  and  twenty-three  feet  the  centre  depth  was  taken 
at  sixty-five  feet  an.d  the  hip  depth  at  forty-seven  feet.  For  a  single- 
track  railway  span  of  three  hundred  and  sixty-two  feet  the  centre  depth 
is  sixty-two  feet  and  the  hip  depth  forty-five  feet.  In  this  case  the  panels 
are  longer  than  in  the  one  directly  preceding,  which  will  account  for  the 
relatively  greater  truss  depths  in  respect  to  span  length. 

In  regard  to  the  form  of  polygonal  top  chords,  experience  shows  that 
an  arc  of  a  parabola  from  hip  to  hip  is  iti  every  way  the  best  layout,  because 
the  curve  thereof  is  the  most  sightly. 

The  inferior  limit  of  span  length  for  which  it  is  advisable  to  use  sub- 
divided panels  'svill  vary  somewhat  with  the  style  of  structure  and  with 
the  panel  length.  In  general  it  may  be  stated  that  for  railway  bridges 
this  length  is  about  two  hundred  and  seventy-five  or  three  hundred  feet, 
and  for  highway  bridges  with  panels  not  much  in  excess  of  twenty  feet 
long  it  is  about  two  hundred  and  twenty-five  or  two  hundred  and  fifty 
feet.  Where  shallow  floors  are  necessary,  the  subdivided  truss  can  be 
used  to  advantage  for  much  shorter  spans.  Economy  of  metal  should 
not  be  the  only  or  even  the  principal  consideration  in  determining  this 
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limit;  for  general  appearance  and  proper  sizes  of  sections  arc  more  im- 
portant factors.  In  railway  bridges  where  the  panels  are  made  long  for 
the  sake  of  economy  of  metal,  it  takes  a  rather  great  truss  depth  to  war- 
rant one  in  rumiing  the  main  diagonals  over  two  panels,  and  to  prevent 
giving  a  squat  appearance  to  the  span;  and  the  truss  depth  for  any  span 
is  something  which  cannot  be  varied  much  for  any  such  object  as  the 
use  of  subdivided  panels;  consequently,  the  longer  the  panel  adopted 
the  greater  must  be  the  limiting  span  length  for  the  legitimate  employ- 
ment of  the  Petit  truss.  The  heavier  the  span  the  greater  is  the  per- 
missible truss  depth,  especially  with  polygonal  top  chords,  consequently 
(on  account  of  appearance)  the  shorter  is  the  span  length  that  limits 
the  legitimate  subdivision  of  panels. 

Again,  in  very  light  bridges  there  is  often  no  weight  of  metal  saved, 
even  in  spans  of  considerable  length,  by  subdividing  the  panels;  and  as 
such  subdivision  tends  to  complicate  the  detaihng  and  thus  to  increase 
the  pound  price  of  the  metal,  as  well  as  to  render  the  span  vibratory 
because  of  unduly  light  truss  members,  it  is  evident  that  a  designer  should 
think  twice  before  deciding  to  subdivide  the  panels  in  any  design  for 
a  span  of  about  the  usual  inferior  limit  for  Petit  trusses. 

Vertical  end  posts  for  through  bridges  are  seldom  employed  in  mod- 
ern bridge  designing.  There  are  three  good  reasons  for  this,  viz.,  first, 
each  vertical  end  post  necessitates  an  idle  panel  length  of  bottom  chord, 
which  piece,  although  stiffened,  has  a  tendency  to  promote  vibration  of 
the  structure  because  it  has  no  stress  in  it;  second,  vertical  end  posts 
involve  the  use  of  more  metal  for  trusses  than  do  inclined  end  posts;  and, 
third,  the  appearance  of  a  truss  with  the  end  posts  vertical  is  by  no  means 
as  sightly  as  that  of  a  truss  where  they  are  inclined. 

Until  quite  lately  it  has  been  the  almost  universal  custom  among 
American  engineers  to  make  all  the  panels  of  a  bridge  truss  of  the  same 
length,  but  Hodge  in  his  "Municipal  Bridge"  at  St.  Louis  (originally 
known  as  the  "Free  Bridge")  has  departed  from  this  practice.  In  Engi- 
neering Record,  Vol.  68,  page  322,  Modjeski,  in  an  article  entitled  "Design 
of  Large  Bridges,"  while  admitting  a  possible  slight  economy  by  the  vary- 
ing of  the  panel  lengths,  as  well  as  better  appearance  due  to  a  more  uni- 
form inclination  of  web  diagonals  to  the  vertical,  pronounces  against  the 
innovation  on  the  plea  that  these  advantages  are  outweighed  by  the  gains 
in  shop  work  and  in  erection  from  uniformity  of  panel  length.  The  au- 
thor is  inclined  to  agree  with  IVIr.  Hodge  and  to  disagree  with  Mr.  Mod- 
jeski, for  the  reason  that  the  advantage  in  shopwork  by  adhering  to 
uniform  panel  lengths  is  trifling,  while  the  loss  in  aesthetics  may  be  great. 
The  powerful  pressure  of  shop  influence  has  too  long  had  a  tendency  to 
throttle  the  progressive  innovations  of  all  American  bridge  designers;  and 
it  is  just  as  well  for  the  latter  once  in  a  while  to  assert  their  indepen- 
dence, even  if  by  so  doing  they  increase  somewhat  the  cost  of  their 
structures. 
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Considerable  attention  has  been  given  by  writers  on  the  subject  of 
bridges  to  continuous  girders,  the  result  being  simply  a  great  waste  of 
printer's  ink.  Few  American  engineers  will  countenance  the  building  of 
continuous  girder  bridges,  except  for  swing  spans.  The  unanswerable 
objection  to  the  use  of  structures  of  that  type  is  that  the  correctness  of 
the  stresses,  found  Ijy  a  most  elaborate  system  of  calculations,  is  depen- 
dent upon  the  exactness  of  the  elevations  of  the  bearings  on  the  piers. 
The  least  variation  of  these  from  correctness  will  upset  completely  every 
stress  in  all  the  trusses  that  rest  on  the  pier  where  the  variation  exists, 
to  say  nothing  of  how  it  will  affect  the  stresses  in  the  trusses  of  the  other 
spans.  Now,  as  all  piers  are  compressible,  and  as  many  of  them  settle 
materially  before  coming  to  a  final  position,  especially  when  timber  or 
piling  is  used  in  their  construction,  it  follows  that  in  many  cases  no  reli- 
ance can  be  placed  upon  the  permanency  of  the  bearing  elevations,  or, 
consequently,  upon  the  correctness  of  stresses  calculated  for  continuous 
girders.  The  only  advantage  claimed  for  the  continuity  is  a  saving  of 
metal;  but,  setting  aside  the  unreliability  just  shown,  this  economy 
would  be  more  than  offset  by  the  risk  to  the  whole  structure  from  an 
accident  to  one  span  or  to  one  pier.  It  is  proper  to  state,  though,  that 
not  all  American  bridge  engineers  agree  with  the  author  in  his  drastic 
condemnation  of  continuous  spans;  for  one  of  the  most  prominent  of 
them,  Gustav  Lindenthal,  Esq.,  C.E.,  has  lately  proposed  a  structure 
of  that  type  for  a  crossing  of  the  Ohio  River  at  Sciotoville,  Ohio,  as  shown 
in  Fig.  li.  The  conditions  at  that  crossing,  however,  are  exceedingly 
favorable  for  continuous  spans,  because  there  is  a  good  solid  rock  foun- 
dation from  end  to  end  thereof  only  a  few  feet  below  the  low-water 
elevation. 

There  is  a  type  of  truss,  mentioned  incidentally  in  Chapter  II,  which 
the  author  has  dubbed  the  "Hybrid"  truss,  because  it  is  a  combination 
of  the  pin-connected  and  the  riveted  types,  and,  like  most  hybrids  in  gen- 
eral, it  is  illegitimate.  Its  top  and  bottom  chords  and  its  verticals  are 
stiff  members  that  are  riveted  together,  but  the  diagonals  are  non-ad- 
justable eye-bars,  which  are  attached  to  pins  that  pass  through  the  con- 
necting plates  at  points  which  lie  on  the  centre  lines  of  the  diagonals  but 
not  on  those  of  the  chords.  Any  one  who  is  experienced  in  the  manu- 
facture and  erection  of  bridges  will  recognize  the  impossibility,  with  only 
the  ordinary  shop  manipulations,  of  making  the  component  members  of 
any  diagonal  of  such  a  structure  act  together  so  as  to  distribute  the 
stress  uniformly  between  them;  because  when  the  main  members  are 
attached  to  the  connecting  plates  and  are  brought  into  position  by  the 
drift  pins  in  advance  of  the  final  reaming  of  the  rivet  holes,  they  will 
not  come  to  really  true  position,  as  they  would  were  the  structure  pin- 
connected.  This  type  of  construction  was  used  to  a  slight  extent  in  the 
Beaver  Cantilever  Bridge;  but  in  this  case  the  shopwork  was  carried 
out  in  such  a  careful  manner  that  the  above  criticism  does  not  apply. 
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Trussos  of  this  kind  having  all  their  main  (hagonals  as  well  as  their  counters 
adjustabU^  would  be  a  good  kind  of  construction  for  highway  bridges, 
and  would  be  a  decided  improvement  on  the  light,  pin-connected,  vibra- 
tory structures  that  are  encountered  on  the  wagon  roads  throughout 
the  entire  extent  of  the  United  States;  but  as  adjustable  members  are 
not  proper  for  railway  bridges,  the  Hybrid  truss  ought  to  be  debarred 
therefrom. 

As  a  rule,  only  two  trusses  per  span  are  used  in  American  engineering 
practice;  and  it  is  rare  for  conditions  to  require  more.  Even  at  the 
expense  of  a  somewhat  greater  amount  of  metal,  the  two-truss  construc- 
tion should  be  given  the  preference  wherever  it  can  be  employed;  for 
the  unavoidable  uncertainty  in  the  distribution  of  the  loads  makes  the 
structure  with  more  than  two  trusses  objectionable.  In  addition  to  this, 
there  is  the  unsatisfactory  feature  of  the  racking  of  the  floor-beams  and 
sway-bracing  due  to  the  fact  that  the  various  trusses  deflect  different 
amounts.  Special  attention  must  be  given  to  their  designing  and  de- 
tailing in  order  to  prevent  overstresses  from  such  unbalanced  loading. 
In  short  spans,  though,  where  the  truss  deflections  at  the  most  are  not 
large,  this  consideration  may  not  be  of  any  serious  moment. 

The  employment  of  more  than  two  trusses  is  rarely  necessary  unless 
the  floor  system  requires  it.  For  a  wide  spacing  of  trusses,  the  floor- 
beams  become  deep  and  heavy,  which  under  certain  conditions  could  not 
be  permitted.  Where  this  is  the  case,  it  is  necessary  either  to  use  two 
or  more  spans  side  by  side  or  to  adopt  a  single  span  having  more  than 
two  trusses.  The  former  method  gives  the  best  arrangement  for  the 
trusses  themselves,  but  it  is  uneconomical  in  the  superstructure  as  a 
whole  as  well  as  in  the  substructure.  Moreover,  for  the  same  floor  space 
it  requires  a  wider  structure  out  to  out  than  the  latter;  and  often  the 
extra  width  would  not  be  permissible,  especially  in  city  bridges  where 
the  construction  must  be  confined  to  the  width  of  the  street. 

In  highway  bridges,  the  cantilevering  of  part  of  the  floor  beyond  the 
trusses  permits  a  shallower  and  more  economical  floor  system  than  would 
be  the  case  if  the  trusses  were  placed  at  the  outside  of  the  structure;  and, 
as  a  rule,  this  construction  precludes  the  necessity  of  more  than  two 
trusses.  Only  in  the  case  of  a  closely  limited  depth  from  the  floor  level 
to  the  under  side  of  the  steelwork  will  more  than  two  trusses  be  necessary, 
and  under  such  a  condition  every  effort  should  be  made  to  raise  the  grade 
in  order  to  provide  sufficient  space  for  the  floor  system  without  increasing 
the  number  of  trusses. 

In  railway  bridges  the  spacing  of  trusses,  as  well  as  the  number  of 
trusses  per  span,  depends  upon  the  number  of  tracks  to  be  accommodated 
and  the  clearance  required.  Fig.  22n  shows  the  clearance  diagram  for 
single-track  through  bridges  on  tangent,  while  that  for  structures  on 
curves  is  given  in  Figs.  8e  and  8/.  For  multiple-track  bridges  the  hori- 
zontal clearances  shown  in  these  diagrams  have  to  be  increased  by  the 
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distances  from  centre  to  centre  of  tracks.  No  more  than  two  trusses 
should  ever  be  used  for  a  double-track  structure,  and  this  number  will  be 
sufficient  for  spans  with  more  than  two  tracks,  except  where  the  use  of 
shallow  floors  cannot  be  avoided.  While  it  is  true  that  in  certain  instances 
the  grade  cannot  be  changed  so  as  to  increase  the  depth  available  for  the 
floor  system,  it  is  not  always  the  case;  and  the  grade  should  not  be  held 
down,  if  it  can  be  raised  legitimately  and  a  better  structure  be  thus  se- 
cured. It  must  also  be  remembered  that  the  adding  of  intermediate 
trusses  causes  an  increase  in  the  spacing  of  the  tracks  adjacent  to  the 
bridge,  which  arrangement  may  be  objectionable.  Instead  of  adding  a 
third  truss  in  a  four-track  structure,  two  of  the  tracks  can  be  supported 
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Fig.  22u.     Clearance  Diagram  for  Through  Bridges  on  Tangent. 

on  cantilevers,  one  on  each  side.  The  same  is  also  possible  in  a  span 
designed  for  six  tracks;  and  if  this  does  not  give  a  sufficiently  shallow 
floor,  a  third  truss  can  be  placed  at  the  centre. 

As  has  been  previously  stated,  the  use  of  three  trusses  is  less  objec- 
tionable in  short  spans  than  in  longer  ones.  Moreover,  they  often  work 
out  very  satisfactorily  in  structures  having  a  considerable  skew.  Again, 
the  addition  of  a  third  truss  has  been  resorted  to  very  successfully  in 
strengthening  old  bridges,  thus  increasing  their  usefulness.  As  a  gen- 
eral proposition,  however,  more  than  two  trusses  per  span  should  rarely 
be  employed. 

Skew-spans  should  be  avoided  if  it  is  reasonably  practicable  to  do  so. 
Where  it  is  absolutely  necessary  to  use  them,  the  arrangement  of  the 
panels  and  the  outlines  of  the  trusses  require  special  attention.  As  far 
as  possible  the  two  trusses  should  be  made  alike,  and  this  can  be  done 
only  when  the  two  ends  have  the  same  skew.     It  is,  therefore,  advanta- 
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geous  to  make  the  skcnvs  the  sanu',  at  least  so  far  as  tlui  steelwork  is  con- 
cerned, even  if  it  is  not  possible  to  do  the  same  with  the  substructure. 
The  weh  members  of  the  trusses  should  be  so  arranged  that  tlie  floor- 
beams  and  tlu»  sway  frames  will  be  at  right  angles  to  the  truss-planes. 
Moreover,  it  is  best  to  keep  the  end  posts  parallel  so  as  to  avoid  warped 
|)ortals.  Skew  portals  in  themselves  are  suffici(>ntly  troublesome  without 
complicating  the  matted'  by  warping  them  as  well.  It  is  true,  though, 
that  warped  portals  cannot  be  avoided  in  all  instances;  and  when  this 
is  the  case,  it  is  necessary  to  make  the  best  of  the  unsatisfactory  condition. 
The  most  favoral)le  case  is  when  the  skew  (or,  more  strictly  speaking, 
the  offset  thereof  in  the  perpendicular  distance  between  central  planes 
of  trusses)  is  such  (or  can  be  so  adjusted)  that  it  can  be  adopted  econom- 
ically for  the  panel  length  of  the  span.     This  necessitates  a  span  length 


Fig.  22jj.     Arrangement  of  Trusses  for  a  Skew  Span  in  which  the  Skew  Can  Be  Adopted 
for  the  Panel  Length  Throughout. 


integrally  divisible  by  the  length  of  the  skew,  which  desideratum  can 
generally  be  accomplished  only  by  an  arbitrary  location  of  the  piers. 
Fig.  22jj  shows  the  arrangement  of  the  trusses  for  this  condition.  In 
case  this  is  not  practicable,  it  may  be  possible  to  make  the  first  two  panels 
at  the  acute  end  of  each  truss  of  a  length  equal  to  that  of  the  skew  (neces- 
sitating one  panel  at  the  opposite  end  to  be  of  the  same  length),  and  then 
di\'ide  the  intervening  space  into  panels  very  nearly  equal  to  the  skew. 
This  case  is  practically  the  same  as  that  shown  in  Fig.  22jj.  For  spans 
(mostly  short  ones)  in  which  neither  of  the  two  methods  just  outlined 
can  be  employed,  the  arrangement  shown  in  Fig.  22kk  might  work  out 
satisfactorily.  In  this  case  each  truss  is  divided  into  a  number  of  central 
panels  with  lengths  equal  to  that  of  the  skew  and  a  panel  at  each  end 
equal  to  one-half  of  the  difference  between  the  total  length  of  the  span  and 
that  of  the  central  portion  comprising  the  other  panels.  When  the  end 
panels  are  shorter  than  the  intermediate  ones,  the  intermediate  floor- 
beam  nearest  to  each  end  can  be  made  square  and  riveted  to  the  skew  end 
floor-beam,  as  shown  in  Fig.  22kk,  or  it  can  be  skewed  between  the  hip 
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vertical  of  one  truss  and  the  obtuse  end  of  the  other;  but  when  the  end 
panels  are  longer  than  the  intermediate  ones,  the  second  scheme  must 
be  used. 

Where  the  skew  is  considerably  sliorter  than  an  economical  panel 
length,  the  arrangement  shown  in  Fig.  2211  will  have  to  be  resorted  to; 


Fig.  22kk. 


Arrangement  of  Trusses  for  a  Skew  Span  in  which  the  Skew  Cannot  be 
Adopted  for  the  Panel  Length  Throughout. 


and  where  the  skew  is  longer  than  an  economical  panel  and  still  not  long 
enough  for  two  panels,  that  shown  in  Fig.  22mm  must  be  used.  Both 
of  these  require  warped  portals,  which  present  difficulties  in  their  construc- 
tion. This  might  be  avoided  by  adopting  vertical  end  posts  with  ten- 
sion end  diagonals,  and  placing  a  skew  portal  in  the  vertical  plane  con- 
taining the  said  end  posts.     This  arrangement  not  only  requires  extra 


Fig.  2211.     Arrangement  of  Trusses  for  a  Skew  Span  in  which  the  Skew  is  Too  Short 
for  an  Economical  Panel  Length. 

metal  but  also  produces  an  unaesthetic  truss  for  through  spans;  and  the 
advisability  of  resorting  to  such  a  peculiar  laj'^out  should  be  given  careful 
consideration  before  it  is  adopted.  In  deck  spans  the  end  diagonals 
should  be  compression  members,  and  the  end  sway  frames  should  con- 
nect between  the  end  verticals  that  are  needed  to  carry  either  the  end 
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Hour-beams  or  the  top  chord  when  the  Hve  load  is  supported  directly 
on  the  latter. 

When  the  skew  extends  over  two  or  more  panels,  one  of  the  arrange- 
ments sho\vn  in  Figs.  22//,  22kk,  2211,  or  22?nm  can  be  employed  by  shift- 
ing the  trusses  the  required  amount  with  respect  to  each  other.     In  any 


FiG.  22Tnm.     Arrangement  of  Trusses  for  a  Skew  Span  in  which  the  Skew  is  Too  Long 
for  an  Economical  Panel  Length. 

case  the  panels  should  be  arranged  so  that  the  intermediate  floor-beams 
are  all  square  to  the  trusses.  Moreover,  skew  end  floor-beams  should 
be  used  in  practically  all  cases.  If  this  requires  especially  heavy  skew 
beams,  or  beams  difficult  to  provide,  one  end  of  each  square  beam  can 
be  supported  directly  on  the  masonry  and  be  connected  to  the  ends  of 
the  trusses  with  substantial  bracing  frames,  or  the  skew  floor-beams  can 
be  supported  on  the  masonry  by  sliding  bearings.     Also  the  lateral  sys- 


FiG.  22nn.     Arrangement  of  Trusses  for  a  Skew  Span  with  Polygonal  Top  Chords. 

tem  must  be  made  complete,  as  the  entire  steelwork  must  act  as  a  unit 
in  order  that  the  design  may  be  in  accord  with  the  most  approved  modern 
practice. 

In  skew  spans  having  polygonal  top  chords,  it  is  necessary  for  the 
members  of  the  two  trusses  to  be  parallel  in  each  panel.  The  panel 
points  between  the  hips  at  the  acute  corners  should,  therefore,  lie  on  the 
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same  carve.  The  arrangement  should  be  as  shown  in  Fig.  22nn.  In 
case  the  skew  extends  over  more  than  one  panel,  the  top  chord  at  the 
acute  ends  of  the  span  should  be  made  straight  for  this  length  on  account 
of  the  complications  entailed  in  the  details  of  the  upper  lateral  system 
and  in  those  of  the  vertical  sway  bracing. 

When  a  parabolic  curve  is  used  for  a  span  with  polygonal  top  chords, 
the  lengths  of  the  various  posts  can  be  computed  as  follows:  For  a  truss 
with  an  odd  number  of  panels  of  equal  length,  the  differences  between 
the  lengths  of  successive  posts,  beginning  at  the  centre  of  the  span,  are 
proportional  to  the  numbers  1,  2,  3,  4,  5,  etc.;  for  a  truss  with  an  even 
number  of  panels  of  equal  length  and  all  top-chord  members  inclined, 
the  said  differences  are  proportional  to  the  numbers  1,  3,  5,  7,  9,  etc.; 
and  for  a  truss  with  an  even  number  of  panels  of  equal  length  and  all 
top-chord  members  except  the  centre  two  inclined,  they  are  proportional 
to  the  numbers  0,  3,  5,  7,  9,  etc.  To  illustrate  the  application  of  these 
series,  let  us  find  the  lengths  of  tTie  posts  in  an  eleven-panel  through 
truss  in  which  the  hip  depth  is  thirty-four  (34)  feet  and  the  centre  depth 
forty-four  (44)  feet,  the  top  chord  being  nine  panels  long.  There  are 
evidently  four  inclined  chord  members  in  each  half  of  the  truss.  The 
differences  between  the  lengths  of  successive  posts,  being  proportional 
to  the  numbers  1,  2,  3,  and  4,  may  be  represented  by  x,  2x,  3x,  and  4x. 
The  difference  between  the  centre  depth  and  hip  depth,  or  ten  (10)  feet, 
is  then  equal  to  x  -\-  2x  -{-  Sx  -{-  Ax,  or  10a;,  so  that  the  value  of  x  is  one 
foot.  The  differences  between  the  lengths  of  successive  posts  are  thus 
found  to  be  one  (1)  foot,  two  (2)  feet,  three  (3)  feet,  and  four  (4)  feet, 
so  that  the  lengths  of  the  various  posts  are  forty-four  (44)  feet,  forty-three 
(43)  feet,  forty-one  (41)  feet,  thirty-eight  (38)  feet,  and  thirty-four  (34) 
feet. 

The  question  of  the  riveted  versus  the  pin-connected  truss  is  fully 
discussed  in  Chapter  XXXII.  As  explained  there,  each  type  has  its  own 
place  in  good  construction  and  should  be  employed  where  its  advantages 
are  preponderant  and  well  defined. 

In  Chapter  LIII  are  discussed  various  items  of  economy  which  affect 
the  truss  in  itself  as  well  as  in  its  relation  to  the  structure  as  a  whole;  and 
in  Chapter  LII  is  given  a  dissertation  on  the  principles  governing  the 
aesthetic  treatment  of  bridges.  Arrangements  of  the  roadways  to  ac- 
commodate the  various  classes  of  traffic  crossing  the  structure  are  fully 
outhned  in  Chapter  XVIII;  while  Chapter  LIV  gives  a  list  of  the  factors 
affecting  the  layouts  of  bridges  and  a  complete  discussion  regarding  them. 
This  last  chapter  is  especially  important,  as  upon  the  layout  adopted  often 
depends  the  success  or  failure  of  a  bridge  enterprise.  It  covers  the  most 
important  part  in  the  preparation  of  the  design.  The  various  loads — dead, 
live,  impact,  centrifugal,  wind,  vibration,  and  traction — are  treated  in 
Chapters  V  to  IX,  inclusive,  while  the  actual  loads  to  be  used  in  designing 
are  specified  in  Chapter  LXXVIII. 
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Wind  loads  rarely  affect  any  of  the  truss  members  in  ordinary  spans 
except  the  inclined  end  posts  in  tlirough  bridges.  In  long  spans,  how- 
ever, it  is  necessary  to  consider  the  effect  of  wind.  A  test  of  the  bottom 
chord  section  Li  L-i  in  the  Pratt  truss  or  L3  L^  in  the  Petit  truss  will  indi- 
cate whether  the  wind  stresses  influence  the  sections.  The  weights  for 
the  floor  system,  trusses,  and  bracing  to  be  used  in  the  preparation  of 
preliminary  estimates  and  final  designs  for  various  kinds  of  structures 
are  given  on  the  diagrams  in  Chapter  LV.  Stress  computations  are  con- 
sidered to  a  certain  extent  in  Chapter  X,  but  the  reader  is  referred  to  such 
standard  texts  as  "Roofs  and  Bridges,"  by  Merrinxan  and  Jacoby,  and 
"JModern  Framed  Structures,"  by  Johnson,  Bryan,  and  Tumeaure,  for  a 
complete  treatment  of  the  subject.  Combinations  of  stresses  and  second- 
ary stresses  are  discussed  in  Chapters  XIII  and  XI,  respectively.  It  is 
to  be  remembered,  however,  that  secondary  stresses  should  be  avoided 
and  minimized  just  as  far  as  possible,  rather  than  figured  and  cared  for 
by  the  provision  of  extra  metal.  Tbe  actual  designing  and  detailing  will 
be  governed  by  the  specifications  in  Chapter  LXXVIII.  However,  be- 
fore preparing  a  design  or  the  detailed  plans,  an  engineer  should  be  fully 
conversant  ynih  the  cardinal  principles  laid  down  in  Chapter  XV  and 
he  should  likewise  be  familiar  with  such  points  as  affect  the  shopwork, 
which  points  are  clearly  stated  in  Chapter  XVII.  The  dimensioning  of 
truss  members  for  camber  is  treated  in  Chapter  XXXITI. 

The  design  and  details  of  the  floor  and  floor  system  are  taken  care  of 
in  Chapter  XIX,  while  that  of  the  laterals  is  given  in  Chapter  XX.  The 
trusses  alone  ^\^ll  be  considered  in  this  chapter.  In  order  to  handle  the 
subject  to  the  best  advantage,  riveted  and  pin-connected  trusses  will  be 
treated  separately.  The  riveted  truss  wiU  be  discussed  in  full,  and  the 
details  in  which  the  pin-connected  truss  differs  from  it  will  be  taken  up 
afterward. 

The  truss  consists  of  two  principal  parts — the  chords,  which  take  the 
stresses  due  to  bending,  and  the  web,  which  carries  the  shear.  This  divi- 
sion is  not  strictly  correct,  as  polygonal  chords  also  take  shear;  however, 
it  is  sufficiently  defimte  for  all  practical  purposes,  and  will  be  so  assumed 
in  this  treatise.  The  chords  consist  of  the  members  forming  the  upper 
and  lower  outlines  of  the  truss;  while  the  web  comprises  the  diagonals 
(both  tension  and  compression),  the  posts,  the  hangers,  and  the  inclined 
or  vertical  end  posts.  The  incHned  end  posts  are  really  a  continuation 
of  the  top  chords,  and  generally  have  sections  of  the  same  outline  and 
construction. 

The  make-up  of  the  members  forming  the  truss  depends  largely  upon 
their  function  as  well  as  upon  the  stresses  to  which  they  are  subjected. 
Figs.  22oo  to  22aaa,  inclusive,  show  the  arrangement  of  various  sections. 
The  full  lines  of  these  figures  represent  the  fundamental  elements  which 
are  always  present;  while  the  dotted  lines  indicate  portions  which  may 
be  added  to  give  heavier  sections,  or  for  some  other  special  reason. 
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The  smallest  section  used  consists  of  two  angles  back  to  back  (Fig. 
22oo)  riveted  together  about  every  twelve  (12)  inches  with  intervening 
washers  of  a  thickness  equal  to  that  of  the  gusset-plates.  This  section 
is  employed  only  in  the  lightest  highway  spans  of  the  pony-truss  type, 
and  sometimes  in  the  open-webbed  girders  of  elevated  railways.  The 
web  members  of  such  trusses  are  composed  of  unequal  legged  angles  with 
the  shorter  legs  outstanding  in  order  to  obtain  radii  of  gyration  approxi- 
mately equal  in  the  two  directions.  This  is  necessary  for  the  compres- 
sion diagonals,  although  it  is  not  as  essential  in  the  tension  members. 
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Fig.  22zz. 
Sections  for  Truss  Members. 
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Fig.  22aao. 


There  is,  however,  an  advantage  gained  by  placing  the  angles  in  this 
manner  even  in  tension  members;  viz.,  that  because  the  adjacent  angle 
legs  are  riveted  directly  to  the  gusset-plates,  the  wider  these  legs  the 
more  compact  the  connection.  Lug  angles  should  not  be  used  to  develop 
the  outstanding  legs  of  the  angles;  instead,  the  sections  should  be  in- 
creased so  that  they  will  not  be  ovorstressed  on  account  of  the  eccentricity 
of  the  rivet  groups.  The  chords  for  deck  structures  are  usually  arranged 
in  the  same  manner  as  the  web  members.  However,  in  pony  trusses  it 
is  necessary  to  stiffen  the  top  chords  transv(>rsely  as  much  as  possible,  and 
in  such  members  the  longer  legs  should  be  turned  out.  A  cover-plate  can 
sometimes  be  added  advantageously.  The  chords  and  the  inclined  end 
posts  are  frequently  built  of  two  angles  back  to  back  with  an  intervening 
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plate  which  projects  sufficiently  beyond  the  tip  of  the  adjacent  legs  to 
permit  the  connection  to  it  of  the  web  members  directly.  This  avoids 
the  use  of  gusset-plates;  but,  of  course,  it  can  be  employed  only  for  trusses 
with  light  web  stresses. 

The  thickness  of  the  gusset-plates  in  these  light  trusses  should  be 
gauged  by  the  details  at  the  joint,  as  it  is  often  more  economical,  as  well 
as  more  satisfactory,  to  use  thick  plates  and  a  correspondingly  small 
number  of  rivets.  The  thickness,  however,  need  not  exceed  that  of  both 
the  angles  combined,  neither  need  it  be  such  as  to  give  a  bearing  value  for 
rivets  greater  than  the  double  shear.  As  the  specifications  require  the 
angles  to  be  not  less  than  three-quarters  (^)  of  an  inch  from  back  to 
back,  it  is  very  easy  to  arrange  this  detail  as  desired. 

The  gravity  lines  of  all  members  coming  together  at  an  apex  should 
meet  in  a  point.  This  is  an  important  fact  which  should  never  be  for- 
gotten or  ignored. 

In  making  up  the  members  of  a  truss  of  the  type  just  discussed,  as 
few  different  sections  as  are  consistent  with  reasonable  economy  should 
be  selected.  It  should  be  remembered  that  the  use  of  a  large  variety  of 
sections  in  a  small  structure  will  often  prevent  quick  deliveries  of  metal 
by  the  mills,  and  in  addition  it  wall  increase  the  amount  and  cost  of  the 
shopwork.  In  chord  members  it  is  sometimes  more  economical  to  use 
the  same  section  throughout  several  panels  and  thus  avoid  the  splices 
required  when  different  sections  are  employed. 

In  order  to  gain  greater  rigidity  in  these  short,  light  spans,  the  angles 
forming  the  members  are  frequently  spread,  those  taking  compression 
being  laced  and  those  under  tension  being  connected  with  batten  plates 
about  every  three  (3)  feet.  In  the  bottom  chords  and  the  web  members 
the  angles  are  generally  turned  in  as  shown  in  Fig.  22pp;  while  in  the 
top  chords  and  the  inclined  end  posts,  which  usually  have  a  cover-plate, 
they  are  turned  out,  as  shown  in  Fig.  22qq,  in  order  to  increase  the 
stiffness  of  these  members.  The  various  members  are  connected  by  two 
gusset-plates  at  each  joint. 

Except  for  the  small  pony-truss  and  the  open-webbed  girder  spans 
just  discussed,  the  truss  members  are  nearly  always  made  up  of  more 
substantial  sections  than  those  previously  described.  As  a  rule,  these 
are  balanced,  and  consist  of  two  leaves,  or  parts,  tied  together  with  bat- 
ten plates,  lacing,  cover-plates,  and  in  some  cases  solid  diaphragms.  For 
light  highway  through  and  deck  spans,  some  of  the  members  are  frequently 
built  of  two  angles  connected  by  lacing  or  batten  plates,  as  described  in 
the  previous  paragraph,  for  the  reason  that  the  stresses  are  too  small  to 
warrant  anything  else;  but  in  the  more  important  highway  structures, 
and  in  all  railway  truss  bridges,  the  heavier  balanced  sections  are  used. 
These  consist  of  two  pairs  of  angles  in  the  form  of  an  I  and  connected 
with  lacing,  batten  plates,  or  a  solid  web  (Fig.  22^0;  two  rolled  or  built 
channels  in  the  form  of  a  box  with  the  flanges  turned  either  in  or  out 
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and  connected  with  lacing  or  batten  plates  (Figs.  22uu  to  22a:a;,  inclu- 
sive) or  with  a  laced  or  solid  diaphragm  down  the  centre  (Figs.  22yy 
and  2222);  or  two  rolled  or  built  channels  with  a  cover-plate  connecting 
the  top  flanges  and  with  lacing  on  the  bottom  (Figs.  22rr  and  225s). 
In  the  determination  of  the  make-up  and  outline  of  such  members, 
various  factors  must  be  taken  into  account,  especially  the  functions  of 
the  members.  Members  acting  in  compression  must  be  stiff  as  a  whole 
as  well  as  in  the  individual  parts  that  form  the  section.  The  metal 
should  be  concentrated  near  the  periphery  so  as  to  give  large  radii  of 
gyration;  and  it  should  be  distributed  so  that  the  moment  of  inertia 
will  be  about  the  same  in  the  two  directions,  unless  the  unbraced  lengths 
are  different.  The  metal  must  not  be  spread  out  to  such  an  extent 
that  the  component  parts  are  weak  in  themselves  even  though  thor- 
oughly braced.  In  no  case  must  any  individual  part  of  a  member  be 
weaker  than  the  member  as  a  whole;  and  in  fact  it  should  be  some- 
what stronger,  as  a  secondary  effect  takes  place  in  each  part  that  acts 
in  itself  as  a  small  column.  Tension  members  do  not,  as  a  rule,  need 
special  consideration,  except  to  provide  for  good  details  and  to  ensure 
that  the  limiting  value  of  the  l/r  ratio  for  tension  members  is  not  exceeded. 
They  are  always  made  to  conform  with  the  rest  of  the  truss.  When  they 
take  compression  as  well  as  tension,  they  must  be  considered  from  this 
standpoint  as  well.  Chords  acting  as  beams  must  be  designed  for  bend- 
ing as  well  as  for  direct  stresses;  and  it  is  generally  necessary  to  make 
them  deeper  than  they  would  be  otherwise. 

The  sections  should  be  arranged  so  as  to  provide  the  simplest  and 
most  satisfactory  details  in  the  span  as  a  whole,  and  at  the  same  time 
so  as  to  make  the  shop  work  as  easy  as  possible.  These  two  conditions 
cannot  always  be  fulfilled;  and  when  such  is  the  case,  the  proper  detail- 
ing of  the  span  should  receive  the  first  consideration.  One  of  the  chief 
points  of  contention  between  the  shops  and  the  bridge  engineer  is  in  re- 
gard to  the  turning  in  or  out  of  the  angles  in  built-up  box  sections.  On 
account  of  the  difficulty  the  shops  have  in  riveting  the  lacing  when  the 
angles  are  turned  in,  the  latter  should  be  turned  out  if  it  is  convenient 
to  do  so.  Care  should  be  taken,  however,  in  so  doing,'  to  see  that  the 
members  do  not  become  excessively  wide  and  consequently  require  very 
heavy  lacing.  Questions  of  erection  must  also  be  considered  in  this 
connection. 

In  through  structures  the  angles  of  the  top  chords  and  end  posts  are 
almost  invariably  turned  out,  and  those  of  the  other  web  members  and 
of  the  bottom  chords  turned  in.  Especially  is  this  true  where  the  ordi- 
nary floor  system  of  stringers  and  floor-beams  is  employed,  as  this  con- 
struction provides  a  smooth  surface  for  the  end  connections  of  the  latter. 
If  the  angles  of  the  bottom  chord  are  turned  outward,  the  floor-beams 
have  to  be  slotted  or  cut  out  at  the  ends  to  receive  them.  If  the  angles 
of  the  posts  are  turned  out,  they  will  interfere  with  the  floor-beams,  if 
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thcso  should  have  to  bo  erected  after  the  trusses  are  up.  Also  the  end 
details  of  the  web  members  are  not  satisfactory  when  the  angles  are 
turned  out,  as  this  necessitates  running  the  leaves  which  make  up  the 
sections  outside  of  the  gussets,  and  thus  prevents  placing  the  tie  plates 
close  to  the  ends.  This  is  especially  important  in  comprc^ssion  members, 
where  it  is  necessary  for  the  two  halves  to  be  thoroughly  connected  through- 
out their  full  length. 

lender  certain  conditions  the  angles  of  the  bottom  chords  of  through 
bridges  can  be  turned  out  without  the  foregoing  disadvantages.  This 
was  done  by  Boiler,  Hodge,  and  Baird  in  the  Congress  Street  Bridge  at 
Troy,  N.  Y.,  described  in  the  Engineering  News  of  March  25,  1915.  In 
this  case  the  floor  panels  had  a  constant  length  of  ten  (10)  feet  through- 
out, while  the  truss  panels  varied  from  the  end  to  the  centre  of  span. 
Rolled  I-beam  stringers  and  shallow  built  floor-beams  were  adopted;  and 
the  latter  were  riveted  to  the  bottom  chords  directly.  The  chords  and 
the  floor-beams  were  of  the  same  depth,  and  the  corners  of  the  latter 
were  coped  for  the  outstanding  angles  of  the  former,  the  end  connections 
being  made  in  the  depth  of  the  web  between  the  angles.  The  web  mem- 
bers had  their  flanges  turned  in.  The  same  construction  can  be  employed 
on  through  bridges  with  shallow  floors  where  either  troughs  or  I-beams 
are  riveted  between  the  bottom  chords  or  where  the  floor  system  is  con- 
nected below  them. 

In  deck  structures  the  bottom  chord  angles  can  be  turned  out,  with 
the  additional  advantage  of  providing  a  good  connection  for  the  bottom 
laterals.  The  flanges  of  the  web  members  are  sometimes  turned  out; 
but  for  the  reasons  mentioned  previouslj^  they  should  be  turned  in.  When 
the  floor  lies  entirely  between  the  trusses,  the  floor-beams  are  dropped 
just  below  the  top  chord,  and  the  angles  of  the  latter  are  turned  out. 
The  same  arrangement  can  be  adopted  when  additional  roadways  are 
placed  entirely  outside  of  the  trusses.  When,  however,  the  roadway 
extends  over  the  latter,  it  may  be  necessary  to  bring  the  cross  girders 
to  the  top  of  the  chords,  in  which  case  the  angles  should  be  turned  in. 
In  case  a  shallow  floor  construction  is  employed,  as  described  for  through 
bridges,  the  chord  angles  can  be  turned  out;  and  this  same  arrangement 
can  be  adopted  for  railway  spans  in  which  the  ties  rest  directly  on  the 
top  chords. 

When  I-sections  are  used  for  the  bottom  chords  and  web  members, 
the  widths  of  these  may  be  dependent  upon  their  own  make-up  or  upon 
that  of  the  top  chord.  When  box  sections  are  employed,  the  width  is 
generally  determined  by  the  members  which  have  their  flanges  turned  in. 
The  distance  between  the  tips  of  such  flanges  should  never  be  less  than 
five  (5)  inches,  as  this  space  is  necessary  for  riveting  on  the  lacing  and 
stay  plates  and  for  painting.  In  fact,  it  should  preferably  be  increased 
to  five  and  one-half  (53^)  or  even  six  (6)  inches.  The  widths  of  com- 
pression members  should  be  consistent  with  their  lengths.     For  top  chords 
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the  ratio  of  the  length  to  the  least  radius  of  gjTation  usually  ranges  from 
thirty  (30)  to  forty  (40),  although  for  short  spans  it  may  run  as  high 
as  sixty  (60)  or  even  seventy  (70).  For  web  members  this  ratio  usually 
ranges  from  fifty  (50)  to  ninety  (90),  at  times  reaching  as  high  as  one 
hundred  (100).  The  maximum  allowable  limits  are  given  in  the  speci- 
fications of  Chapter  LXXVIII. 

The  depths  of  the  main  members  depend  to  a  large  extent  upon  the 
stresses  they  have  to  carry.  The  metal  must  not  be  piled  up  undulj^,  but 
should  be  so  disposed  that  a  well-proportioned  section  will  be  the  result. 
In  addition  due  consideration  must  be  given  to  the  truss  as  a  whole.  It 
should  have  a  substantial  appearance,  which  can  be  attained  only  by  a 
proper  proportioning  of  the  members.  With  built  channel  sections  the 
top  and  the  bottom  chords  are  generally  made  of  about  the  same  depth, 
the  bottom  chord  being  the  deeper  by  a  few  inches,  as  there  is  more  metal 
in  its  webs  than  in  those  of  the  top  chord,  due  to  the  use  in  the  latter  of 
the  cover-plate  and  heavy  bottom  angles  and  to  the  necessity  for  consid- 
ering both  the  ratio  of  I  over  r  and  the  general  restrictions  governing  the 
make-up  of  compression  members.  When  rolled  channels  are  employed, 
the  same  depths  are  almost  invariably  adopted  for  both  chords.  This 
is  likewise  true  where  cover-plates  are  not  used.  When  either  chord  is 
subjected  to  bending  in  addition  to  the  direct  stresses,  it  must  be  treated 
as  a  beam;  and  this  requires  a  considerably  greater  depth  than  would 
be  necessary  otherwise.  The  inclined  end  posts  generally  have  the  same 
depth  as  the  top  chords.  The  end  web  members,  likewise,  have  about 
the  same  depth  as  the  top  or  bottom  chord,  although  sometimes  they 
are  a  trifle  shallower.  The  depths  of  the  intermediate  web  members 
diminish  toward  the  middle  of  the  span  on  account  of  the  decrease  in 
the  sectional  areas.  Hangers,  sub-members,  and  stiffening  struts  are 
made  of  such  depths  as  are  necessary  for  their  particular  requirements. 
Where  floor-beams  attach  to  these  they  must  be  wide  enough  to  provide 
for  a  good  connection  for  the  beam  itself  as  well  as  for  that  of  the  member 
to  the  gusset-plate.  If  sufficient  rivets  for  both  cases  cannot  be  secured 
in  the  width  of  the  floor-beam  connection  angles,  the  member  must  be 
made  wide  enough  to  allow  for  whatever  rivets  are  needed. 

The  most  economical  of  the  built  sections  within  reasonable  limits 
is  the  four  angle  I,  shown  in  Fig.  22tt,  with  a  single  line  of  lacing,  batten 
plates,  or  a  web-plate.  Side-plates  are  added,  as  indicated,  for  the  heavier 
sections.  It  has  the  fewest  parts,  is  compact  and  rigid,  is  open  so  that 
both  the  shopwork  and  the  fieldwork  are  the  simplest  possible  to  obtain, 
and  is  easily  painted  and  maintained-  It  is  well  suited  for  the  tension 
members  of  trusses  of  medium  span-length,  as  well  as  for  struts  and 
hangers  employed  to  support  the  main  members.  It  is  likewise  adapted 
to  short  posts,  although  the  section  is  not  the  best  for  compression  mem- 
bers when  the  length  is  considerable.  When  used  for  the  bottom  chord, 
the  web  plate  should  not  be  employed,  the  two  halves  being  connected 
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by  hatton  plates  or  laoing;  as  othorwiso  a  trough  is  formed  which  will 
collect  dirt  and  water  and  thus  involve  trouble  in  protecting  the  steelwork. 
In  hangers  or  posts  carrying  floor-beams  directly,  the  employment  of  a 
web  should  be  carefully  considered,  as  a  solid  plate  is  needed  in  any  case 
for  a  distance  equal  to  the  depth  of  the  floor-beam,  and  it  might  be  more 
economical  to  extend  it  over  the  full  length  of  the  member  and  make 
it  part  of  the  section.  This  is  especially  true  in  very  narrow  members, 
in  which  it  is  not  infrequent  to  find  the  web-plate  weighing  less  than 
lacing,  which,  of  course,  cannot  be  counted  in  the  section.  The  same 
also  holds  true  for  other  tension  and  compression  members. 

When  heavier  sections  than  the  four-angle  I  are  required  for  the 
bottom  chord  and  the  web  members,  those  shown  in  Figs.  22uu  to  22a:.T 
are  employed.  These  are  either  laced  or  connected  with  batten  plates 
on  the  open  faces.  For  small  sections,  rolled  channels  with  flanges  turned 
either  in  or  out  are  used;  and  when  a  greater  area  is  needed  than  the 
channels  alone  will  provide,  side-plates  are  added.  This  permits  of 
varying  the  section  without  changing  the  depth,  and  is  of  particular 
advantage  in  the  bottom  chord.  However,  the  use  of  such  side-plates 
piles  up  the  metal  considerably,  which  results  in  a  material  loss  of  net 
section  in  tension  members,  and  a  reduction  in  the  radius  of  gyration 
for  compression  members;  so  that  ordinarily,  where  the  maximum  rolled 
sections  do  not  give  sufficient  area  without  additional  plates,  the  built 
channel  should  be  resorted  to. 

The  built  channels  shown  in  Figs.  22ww  and  22xx  lend  themselves 
to  any  variations  whatsoever,  the  only  limitations  being  the  sizes  and 
lengths  of  the  rolled  sections.  Various  factors,  however,  will  determine 
the  best  arrangement  for  any  given  truss. 

In  the  first  place,  the  sections  must  be  in  conformity  with  the  rest 
of  the  structure.  Short  light  spans  will  have  small  sections,  while  the 
longer  and  heavier  trusses  will  have  larger  ones.  The  former,  as  a  rule, 
involve  no  trouble  in  the  determination  of  their  make-up,  while  the  latter 
may  give  considerable.  As  most  of  the  metal  is  in  the  side-plates,  the 
possible  variations  for  any  given  area  are  mainly  in  the  thickness  and 
depth  of  these.  The  thickness  is  limited  only  by  the  permissible  grip 
for  rivets — the  larger  the  rivet,  the  greater  being  the  limit  for  grip.  These 
limits  are  fixed  by  the  specifications.  The  depth,  on  the  other  hand, 
should  be  kept  down  to  prevent  excessive  secondary  stresses.  The  length 
of  the  panel  adopted  for  the  truss  plays  an  important  part  in  this;  for 
the  longer  the  panel,  the  greater  may  the  depth  be  made  consistently. 
In  the  423'  spans  of  the  Fratt  Bridge  over  the  Missouri  River  at  Kansas 
City,  Mo.,  the  section  shown  in  Fig.  22666  was  used  for  one  of  the  bottom 
chords,  while  that  illustrated  in  Fig.  22ccc  indicates  the  make-up  of  one 
of  the  bottom  chord  sections  for  the  287'  span  of  the  O.-W.  R.R.  &  N. 
Co.'s  Bridge  over  the  Willamette  River  at  Portland,  Ore.  These  figures 
represent  typical  sections  for  heavy  built-up  members. 
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As  few  as  possible  of  the  different  sizes  of  rolled  sections,  as  well  as  of 
sections  of  members  themselves,  should  be  adopted  in  proportioning  trusses. 
Moreover,  special  sections  should  be  avoided,  as  the  mills  will  not  make 
quick  deliveries  on  them  unless  the  tonnage  is  large;  and  even  in  such 
a  case  they  may  object  to  doing  so.  In  this  connection  it  might  be  well 
to  state  that  the  list  of  standard  plates  given  in  Chapter  XVII  should  be 
kept  in  mind. 

Full-depth  web-plates  in  truss  members  should  be  employed,  unless 
it  proves  uneconomical  to  do  so;  because  plates  between  the  angles 
increase  the  shopwork  in  more  than  one  respect.  These  plates  require 
extra  rivets,  as  it  is  necessary  to  tack  them  to  the  main  webs  along  each 
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Fia.  22ccc.  Typical  Bottom  Chord  Sec- 
tion for  the  287-foot  Span  of  the  O.-W. 
R.  R.  &  N.  Co.'s  Bridge  over  the  Wil- 
lamette River  at  Portland,  Ore. 


6  Pis.  60"X  W 
2  Pis.  44"  X  f" 
2  Pis.  58"  X  f" 
4  Ls     8"  X  8"  X  f " 

Fig.  22666.  Typical  Bottom  Chord  Sec- 
tion for  the  423-foot  Fixed  Spans  of  the 
Fratt  Bridge  over  the  Missouri  River  at 
Kansas  City,  Mo. 

edge,  and  closer  spacing  than  that  ordinarily  employed  for  stitch  rivets 
will  have  to  be  resorted  to.  Moreover,  these  rivets  will  reduce  the  net 
sections  of  tension  members  to  a  greater  extent  than  is  the  case  where 
only  full-depth  webs  are  employed.  In  compression  members  such 
narrow  plates  tend  to  reduce  the  radius  of  gyration  on  account  of  the 
concentration  of  metal  near  the  centre  of  gravity.  It  should  not  })e  lost 
sight  of,  though,  that  these  plates  provide  an  excellent  means  of  varying 
the  section  in  continuous  members,  as  is  explained  later.  When  em- 
ployed, their  width,  ordinarily,  should  be  three  quarters  (^)  of  an  inch 
less  than  the  clear  distance  between  the  angles  in  order  to  provide  for 
the  overrun  in  the  latter  as  well  as  for  the  weave  in  the  plates.  In  very 
heavy  sections,  it  may  be  advisable  to  increase  this  to  as  much  as  one 
and  one-quarter  (13^)  inches.  These  two  figures  are  suggested  in  order 
to  permit  the  ordering  of  these  narrower  plates  in  widths  of  inches  or 
half-inches;    for  the  depths  of  the  web-plates  are  always  made  in  even 
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inches,  and  the  cUstanccs  back  to  back  of  angles  should  be  one-quarter 
(^)  inch  greater  than  the  said  depths  of  the  web-plates. 

As  few  web-plates  as  possible  are  advocated  by  some  prominent  engi- 
neers even  to  the  extent  of  using  the  thickest  obtainable  and  drilling  them 
m  preference  to  employing  a  larger  number  of  thinner  plates  and  sub- 
punching  and  reaming  them.  There  are  certain  definite  advantages  in 
adopting  the  former  practice,  while  there  are  likewise  decided  dis- 
advantages. By  having  a  single  web-plate  for  each  leaf,  all  stitch  rivets 
except  those  connecting  the  angles  to  the  plates  are  avoided.  This  saves 
material  in  tension  members  in  that  fewer  holes  are  taken  out  of  the 
section,  while  it  also  economizes  in  the  shopwork  in  that  it  reduces  the 
number  of  parts  to  be  handled  as  well  as  the  number  of  rivets  to  be  driven. 
The  first-mentioned  economy  may  not  be  realized  on  account  of  the 
rivets  required  in  the  first  row  in  the  splice-plates  or  the  gusset-plates, 
as  the  case  may  be;  for,  as  mentioned  later,  this  point  generally  deter- 
mines the  net  section  of  the  tension  members.  Its  principal  disadvantage 
is  that  it  requires  full  butt  splices  at  every  point  where  the  section  changes 
in  continuous  members;  and  this  augments  the  amount  of  material 
necessary  for  the  truss.  In  addition,  in  the  heavier  sections  it  causes 
an  increased  thickness  of  the  metal  at  splices,  which  may  be  too  great 
for  the  rivet  grips  specified.  The  most  economical  splice  is  the  shingle 
spUce,  which  can  be  employed  only  when  the  webs  are  built  up  of  a  number 
of  plates;  and  this  splice  has  the  advantage,  in  heavy  trusses,  of  keeping 
down  the  thickness  of  the  metal. 

In  the  web  members  of  trusses  with  single  gusset-plates  on  each  side 
at  the  panel-points,  the  single  webs  will  undoubtedly  be  economical; 
and  the  same  will  be  true  in  other  cases  of  moderate  sections  where  the 
advantages  of  shingle  splicing  are  not  so  pronounced.  However,  in 
heavy  trusses  where  it  is  necessary  to  use  several  gusset-plates  per  side 
and  where  the  sections  change  considerably,  the  webs  should  be  built 
of  a  convenient  number  of  plates.  Naturally,  the  heavier  the  sections 
the  thicker  can  the  webs  be  made  economically,  just  as  under  such  con- 
ditions the  size  of  the  rivets  is  increased. 

It  is  this  same  condition,  the  necessity  for  the  use  of  heavy  members, 
that  merits  the  consideration  of  inside  plates  between  the  angles.  This 
is  of  particular  importance  in  the  bottom  chords  of  long  spans  where  a 
large  variation  takes  place  between  the  centre  and  the  end  sections,  and 
where  considerable  difficulty  is  encountered  at  times  in  arranging  these 
sections  to  the  best  advantage.  Where,  for  other  reasons,  stitch  rivets 
are  unavoidable,  there  seems  to  be  no  reason  for  objecting  to  the  plates 
between  the  angles,  except  that  a  few  extra  rivets  are  required.  Even 
this  might  not  be  necessary,  if  web-plates  are  added  over  the  angle  legs. 

The  fact  that  the  procurable  lengths  of  plates  decrease  with  the  in- 
crease in  size  must  be  given  careful  consideration.  With  the  shorter 
plates  the  splices  might  not  work  out  satisfactorily,  and  in  addition  there 
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might  be  a  loss  in  economy  on  account  of  a  possible  increase  in  their 
number.  Another  point  that  should  not  be  lost  sight  of  is  the  fact  that 
it  is  sometimes  more  economical  to  use  the  same  section  over  more  than 
one  panel  length  than  to  introduce  an  extra  splice.  This,  however,  should 
l)e  verified  for  any  particular  case. 

The  angles  for  built-up  box  sections  depend  on  the  size  of  the  latter. 
For  the  smaller  ones  3}^"  X  33^^"  angles  are  largely  used;  but  as  the 
sections  increase,  4"  X  4"  and  even  larger  angles  are  employed.  The 
smaller  the  angles  the  smaller  will  need  to  be  the  width  of  the  member 
in  order  to  accommodate  the  fabrication;  and  this  is  of  importance  in 
short  spans,  except  where  an  increased  wddth  would  not  prove  uneconomi- 
cal. The  use  of  4"  X  3"  or  6"  X  33^"  angles  with  the  shorter  legs  out- 
standing is  frequently  advisable  on  this  account.  Large  angles,  on  the 
other  hand,  are  advantageous  for  compression  members,  as  their  use  in- 
creases the  radius  of  gyration  with  a  consequent  reduction  in  the  area 
required.  Another  point  that  must  be  considered  is  the  employment  of 
web-  or  splice-plates  over  the  legs  of  the  angles.  Where  this  occurs  there 
must  be  sufficient  space  for  the  rivets  through  the  horizontal  legs  of  the 
angles;  and  the  said  legs  must  be  long  enough  to  provide  therefor.  In 
the  heaviest  sections  the  adoption  of  four  angles  at  top  and  four  at 
bottom  has  sometimes  been  resorted  to;  but  the  author  does  not  al- 
together Hke  this  method  on  account  of  the  clumsy  details  at  the  joints 
necessitated  by  such  an  arrangement.  In  members  carrying  transverse 
loads  it  must  be  remembered  that  the  angles  act  as  do  the  flanges  in 
ordinary  girders;  and  for  this  reason  heavy  angles  are  advisable. 

The  sections  shown  in  Figs.  22yij  and  22zz,  consisting  of  built  channels 
with  a  centre  horizontal  diaphragm  of  angles  and  lacing  or  of  angles  and 
a  web-plate,  are  sometimes  used  for  compression  members.  When  em- 
ployed, the  open  faces  are  connected  by  batten  plates.  These  form  very 
rigid  sections,  and  are  especially  adapted  for  large  and  important  members. 

For  struts  of  secondary  importance  where  neither  the  four-angle  I 
nor  the  rolled  channel  section  previously  described  is  stiff  enough,  the 
four-angle  section  shown  in  Fig.  22aaa  is  well  suited.  This  is  laced  on 
all  four  faces;  and  it  lends  itself  very  readily  to  any  desired  outline. 

The  sections  shown  in  Figs.  22rr  and  22ss  are  used  exclusively  for 
the  top  chords  and  the  end  posts — that  shown  in  Fig.  22rr  being  employed 
for  light  spans,  and  that  in  Fig.  22ss  for  the  heavier  trusses.  Their  make-up 
is  similar  to  that  of  the  channel  sections  previously  described;  and  the 
same  statements  hold  in  respect  to  both.  The  cover-plate  is  added  to 
give  rigidity  to  the  chord,  and  especially  to  the  end  post,  which,  in  through 
spans,  is  subjected  to  transverse  bending  as  well  as  to  direct  stresses. 

The  \vidth  of  the  cover-plate  is  determined  by  that  of  the  web  members 
in  the  smaller  trusses,  while  in  the  larger  ones  it  depends  on  the  propor- 
tions of  the  section  itself.  Ordinarily  it  is  made  from  one  (1)  to  eight  (8) 
inches  more  than  the  depth  of  the  member.     The  greatest  difference  is 
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necossary  in  the  small  sections  where  the  webs  are  composed  of  rollerl 
chaunols;  ami  as  the  sections  increase  in  area  this  difference  becomes 
smaller,  nntil  in  the  largest  members  the  width  of  the  cover-plate  is  made 
about  equal  to  the  depth  of  the  side-plates. 

The  cover-plate  should  always  extend  beyond  the  edges  of  the  top 
angles  enough  to  take  care  of  any  overrun  in  the  latter.  For  small  sec- 
tions its  width  should  exceed  by  at  least  one-half  (3^)  inch  the  distance 
from  tip  to  tip  of  angles;  and  for  the  large  ones,  this  allowance  should 
be  increased  to  one  (1)  inch. 

Except  in  such  abnormal  constructions  as  pony  trusses,  in  which 
excessive  chord  width  is  essential,  the  radius  of  gyration  of  the  top-chord 
section  about  its  vertical  axis  should  be  only  a  little  greater  than  that 
about  the  horizontal  axis.  It  is  advantageous  to  have  it  somewhat  larger 
on  account  of  the  bending  in  the  inclined  end  posts. 

It  is  desirable  to  keep  down  the  thickness  of  the  cover-plate  in  order 
to  avoid  the  concentration  of  a  large  amount  of  metal  at  the  top,  and  the 
consequent  difficulty  of  balancing  ^vith  a  corresponding  amount  at  the 
bottom.  The  specifications,  however,  prevent  using  a  cover-plate  having 
a  thickness  less  than  one-fortieth  (/{o)  of  the  distance  between  the 
inner  rivet  lines.  To  overcome  this  unbalanced  condition,  the  bottom 
angles  are  made  heavy  with  wide  outstanding  legs.  This  lowers  the 
centre  of  gravity  of  the  section,  which  should  be  maintained  as  near  the 
centre  of  figure  as  possible.  Angles,  5"  X  33^",  6"  X  4",  and  6"  X  6", 
are  ordinarily  used  for  these  flanges,  with  8"  X  8"  angles  for  the  heaviest 
sections.  Generally  only  two  top  angles  are  employed,  and  these  are 
3/^"  X  33^"  or  4"  X4"  in  size,  but  for  heavy  sections  heavier  angles  are 
necessary.  Moreover,  the  addition  of  inside  angles,  of  the  same  size  as 
the  outside,  is  sometimes  resorted  to,  especially  when  the  chord  is  rather 
wide  and  when  the  use  of  the  angles  will  reduce  the  thickness  of  the  cover- 
plate.  The  author  does  not  follow  this  practice  except  in  the  heavier 
sections  on  account  of  the  trouble  it  presents  in  the  details  at  the  splices 
and  joints.  Inside  bottom  angles,  likewise,  have  been  used;  but,  as  in 
the  case  of  the  top  angles,  the  author  resorts  to  them  only  in  the  heaviest 
sections,  and  even  then  he  prefers  to  omit  them. 

Fig.  22ddd  shows  the  section  of  the  special  type  of  top  chord  evolved 
by  the  author  early  in  1907  for  the  423'  fixed  spans  of  the  Fratt  Bridge 
over  the  Missouri  River  at  Kansas  City,  Mo.;  but  it  was  not  used  in 
the  final  design  because  it  was  considered  by  the  shops  to  be  too  great 
an  innovation.  It  consists  of  a  closed-box  section  made  up  of  side- 
plates,  top  and  bottom  pairs  of  angles  on  each  leaf,  and  top  and 
bottom  cover-plates.  The  section  was  stiffened  with  cross  diaphragms 
about  every  ten  (10)  feet.  It  was  large  enough  to  permit  a  man  to  pass 
through  easily  for  both  inspection  and  painting;  and  openings  were  left 
in  the  cross  diaphragms  to  give  passageway  over  the  full  length  of  the 
span.     Closed  sections  of  a  somewhat  similar  make-up  have  lately  been 
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used  in  the  designs  for  the  Quebec  Cantilever  and  the  Hell  Gate  Arch 
bridges. 

In  determining  the  sections  of  the  truss  members,  after  the  stresses 
have  been  figured,  it  is  necessary  to  consider  all  of  the  members  together 
to  a  greater  or  less  extent.  The  sizes  of  these  and  the  question  of  turning 
the  flange  angles  in  or  out  are  important  factors  in  the  problem;  but  the 
splicing  and  the  gusset  connections  are  even  more  important.  Special 
consideration  must  also  be  given  to  trusses  with  polygonal  top  chords, 
where  the  splices  have  to  be  made  at  the  joints. 

In  small  trusses  where  rolled  channels  and  four-angle  I's  are  used, 
single  gusset-plates,  one  on  each  side  of  the  joint,  are  all  that  are  necessary; 
and  these  usually  are  of  minimum  sections.     The  backs  of  the  channels 


Fig.  22ddd. 


.  2  Gov.  Pis.  61"  X  H" 
4  Web  Pis.  54"  X  H" 
2  Web  Pis.  54"  X  f " 
4  Ls  6  X  6"  X  f " 
4  Ls  8  X  6"  X  h" 
Proposed  Top  Chord  Section  for  the  423-foot  Spans  of  the  Fratt  Bridge 
over  the  Missouri  River  at  Kansas  City,  Mo. 


in  the  top  and  the  bottom  chords  are  lined  up,  and  the  gusset-plates  are 
placed  against  them.  The  in-to-in  of  the  gussets  is  kept  constant,  as  is 
also  the  out-to-out  or  in-to-in  of  all  web  members,  depending  on  whether 
the  channels  are  turned  in  or  out.  The  same  arrangement  is  employed 
where  built  sections  consisting  of  single  plates  and  a  pair  of  angles  are 
used. 

However,  where  compound  webs  are  advisable,  a  different  situation 
arises.  In  this  case  it  is  necessary  to  arrange  the  plates  and  angles  for 
s''uple  and  economical  splicing  and  for  effective  gusset  connections. 
While  single  gussets  are  sufficient  for  ordinary  spans  except  at  the  hip 
and  the  end  bottom  chord  joints,  their  thickness  generally  varies,  decreas- 
ing from  the  end  of  the  span  to  the  centre.  As  it  is  desirable  to  keep  the 
web  members  the  same  distance  from  out  to  out  where  the  angles  are  turned 
in,  the  distance  in  to  in  of  gussets  should  be  made  constant.  This  is 
very  simple  where  the  flanges  are  turned  in,  as  the  chords  can  then  be 
arranged  in  the  same  manner  as  are  the  web  members  by  fixing  the  distance 
from  out  to  out  of  web-plates.  In  this  case  the  make-up  of  the  truss 
members  is  affected  only  by  the  splices. 
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The  minimum  and  the  maxinuim  sections  of  the  chords  should  he 
determined  tirst,  and  those  intervening  siiould  then  be  arranged  to  cor- 
respond. Naturally,  there  has  to  be  a  cutting-and-trying  until  the  best 
layout  is  secured.  The  end  or  smallest  member  will  generally  consist 
of  two  plates  and  four  angles.  If  practicable,  the  same  section  of  plates 
and  angles  should  be  used  throughout  the  entire  chord,  the  increase  in 
areas  being  made  by  the  addition  of  full-depth  plates  and  plates  between 
the  angles.  The  latter  should,  if  possible,  be  of  the  same  thickness  as 
the  angles  so  as  to  avoid  the  use  of  thin  fillers  at  the  splices.  The  addi- 
tional full-depth  plates  should,  preferably,  likewise  be  of  the  same  thickness 
as  the  angles.  As  full-depth  plates  are  added,  the  angles  are  offset  toward 
the  centre;  and,  consequently,  the  middle  section  will  determine  the 
width  of  the  chords  as  well  as  that  of  the  web  members.  This  method  of 
building  the  sections  of  the  chords  permits  the  shingling  of  the  plates  and 
angles  at  the  splices,  which  reduces  the  thickness  of  metal  at  these  points 
as  well  as  the  amount  thereof  required  for  splicing.  Sometimes  the 
minhnum  chord  section  is  composed  of  four  webs  and  four  angles.  In 
this  case  the  method  just  outlined  should  be  followed. 

Where  the  angles  of  the  chords  are  turned  out,  a  somewhat  similar 
procedure  will  be  advisable.  In  this  case,  though,  the  angles  should, 
preferablj^,  be  kept  in  line,  and  the  plates  offset.  This  arrangement  is 
of  greater  value  in  the  top  chords  and  end  posts,  which  have  cover-plates, 
than  in  the  bottom  chords  where  no  cover-plates  are  used,  both  because 
of  appearance  and  because  of  the  advantage  of  keeping  the  gauges  in  the 
angles  and  top  plate  constant  throughout.  As  the  chords  increase  and 
the  gussets  decrease  in  thickness  from  the  end  to  the  centre,  a  balance 
may  be  struck  for  maintaining  a  uniform  distance  from  the  back  of  the 
angles  to  the  inside  of  the  gussets  without  making  the  latter  heavier  than 
necessary.  If  this  cannot  be  done,  certain  of  the  gussets  can  be  slightly 
increased  in  thickness,  or  thin  fillers  can  be  inserted  between  them  and 
the  chords.  Fillers,  however,  are  a  nuisance  both  in  the  shops  and  in 
the  field;  and  they  should  be  avoided  just  as  far  as  possible.  On  the 
other  hand,  though,  metal  should  not  be  wasted  in  the  gussets  to  any 
extent  in  order  to  avoid  fillers. 

As  far  as  practicable,  the  make-up  of  the  chords  should  be  such  that 
there  will  be  the  minimum  amount  of  splicing  of  parts  necessary  in  the 
shops.  Usually  the  field  splices  are  placed  in  alternate  panels,  and  some- 
times in  every  third  panel.  This  introduces  one  or  more  changes  in  the 
section  between  these  points.  Where  it  is  economical  to  do  so,  the  same 
section  can  be  extended  over  more  than  one  panel  and  the  shop  sphce 
avoided. 

In  heavy  trusses  two  or  more  gusset-plates  per  side  are  needed  in  order 
to  transfer  the  stresses  to  the  various  members.  Where  the  chord  plates 
can  be  secured  in  lengths  sufficient  to  extend  over  more  than  one  panel, 
they  are  spliced  outside  of  the  joints.     The  increases  in  section  can  be 
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spliced  into  the  gussets  very  economically.  The  web  members  should 
be  shingled-in  with  the  gussets  in  the  same  manner  as  is  done  in  the 
chord  splices.  When  the  chord  plates  are  so  large  that  they  cannot  be 
secured  in  lengths  greater  than  that  of  the  ordinary  panel,  it  is  necessary 
to  splice  them  at  all  joints;  and  in  this  case  the  web-plates  of  all  the 
members  meeting  at  a  point  should  be  arranged  so  that  they  can  be 
shingled-in  with  the  gusset-plates,  the  latter  being  used  for  splice  material. 
The  former  arrangement  was  employed  on  the  O.-W.  R.R.  &  N.  Co.'s 
bridge  over  the  Willamette  River  at  Portland,  Ore.,  while  the  latter  was 
adopted  for  the  unusually  heavy  trusses  of  the  423'  spans  of  the  before- 
mentioned  Missouri  River  Bridge  at  Kansas  City,  Mo.  In  such  heavy 
structures  it  is  almost  impossible  for  the  designer  to  arrange  the  sections 
unless  he  makes  a  particular  study  of  the  joints  and  the  gusset-plates 
required.  As  a  rule,  it  is  better  for  him  to  determine  the  outhne  of  the 
sections  and  their  tentative  make-up,  leaving  the  final  arrangement  to 
the  detailer. 

For  trusses  with  polygonal  top  chords,  it  is  always  necessary  to  splice 
these  at  the  panel-points.  Full  butt-splices  are  preferable  where  the 
specifications  permit  relying  upon  the  abutting  of  a  given  percentage  of 
the  section.  Where  a  full  splice  is  required,  the  gusset-plates  should  be 
used  for  splicing  the  adjoining  sections  in  the  same  manner  as  was  just 
described.  The  web  and  the  bottom  chord  members  do  not  present  any 
different  problems  from  those  met  with  in  the  trusses  with  parallel  chords. 

Fig.  22eee  shows  the  details  of  the  trusses  for  a  271'  span  which  was 
designed  by  the  author's  firm.  This  indicates  the  manner  of  building  the 
truss  sections  as  just  described.  Fig.  22///  illustrates  the  details  of  the 
floor  system,  laterals,  and  shoes  of  the  same  span. 

In  proportioning  the  members  of  any  truss,  sections  compiled  from 
previous  structures  should  be  consulted;  and  if  such  a  compilation  is  not 
available,  some  standard  work  such  as  Osborn's  Tables  or  Merriman 
and  Jacoby's  "Roofs  and  Bridges"  will  prove  very  useful.  Kunz  in  his 
recent  book,  "Design  of  Steel  Bridges,"  gives  several  excellent  tables  of 
the  ordinary  sections  of  truss  members,  covering  quite  a  wide  range  of 
areas.  The  make-up  and  the  area  of  each  are  shown,  as  well  as  the  radius 
of  gyration  for  the  compression  members.  Where  such  tables  are  not 
at  hand,  a  competent  designer  will  have  no  difficulty  in  determining  the 
sections.  The  compression  members  require  the  greatest  amount  of  work, 
as  it  is  necessary  to  know  the  radius  of  gyration,  at  least  approximately, 
before  the  unit  stress  can  be  determined  and  the  area  computed;  and 
this  cannot  be  settled  until  the  section  is  known.  Table  22a,  giving  the 
approximate  radii  of  gyration  about  the  two  principal  axes  of  all  forms 
of  sections  ordinarily  used  for  compression  members,  will  prove  very 
helpful.  From  Fig.  IQd  the  location  of  the  point  of  contraflexure  in  the 
end  posts  of  through  bridges  can  be  taken.  Tension  members  of  any 
fixed  net  section  should  have  the  minimum  gross  area  practicable.    This 
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Fig.  22///.     Details  of  Floor  System,  Laterals,  and  Shoes  of  the  271-Foot  Spans  of  the  Great  Northern  Railway  Co.'s  Bridge  over  the  Yellowstone  River. 
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will  he  determined  by  the  first  row  of  rivets  in  the  splice  or  the  gusset- 
]ihit('s.  Fig.  liic  enables  the  n(>t  stn-tion  for  various  spacings  of  rivet  lines 
;vnd  gauges  to  be  rcadilj^  computed. 

In  this  connection  it  might  be  well  to  call  attention  to  the  folly  of 
tilling  the  members  with  unnecessary  rivets.  Such  procedure  simply  in- 
creases the  shop  cost  without  any  advantage  to  the  structure.  The 
specifications  should  not  be  ignored  to  the  extent  of  using  too  few  rivets; 
but  neither  should  an  excessive  number  be  employed.  This  is  a  common 
fault  of  a  great  many  draftsmen,  especially  beginners.  Moreover,  the 
rivet  spacing  should  be  arranged  for  multiple  punching.  No  member 
should  be  extended  into  another  unless  the  two  are  at  right  angles  to 
each  other;  consequently  the  diagonals  should  not  be  run  inside  of  the 
chords.  Ordinarily,  there  is  no  particular  advantage  in  extending  the 
posts  thereinto;  and  in  all  probability  there  will  really  be  a  waste  of 
material  in  doing  so,  as  the  connection  can  be  made  satisfactorily  below 
the  chords,  thus  fitting  in  better  with  that  for  the  diagonal  members. 
However,  in  deck  structures  with  the  floor  system  attached  below  the 
chord,  the  post  should  be  extended  into  the  latter  in  order  to  support  it 
thoroughly.  In  Triangular  trusses  the  vertical  members  sustaining  the 
chords  should  be  extended  thereinto  whenever  this  is  possible,  the  gusset- 
plates  being  omitted. 

Another  point  that  needs  consideration  in  the  designing  of  the  chords 
is  the  connection  of  the  laterals.  Where  their  intersection  does  not  fall 
on  the  centre  line  of  the  chord,  the  effect  of  the  eccentric  wind  stresses 
may  increase  the  section  slightly,  although  this  rarely  is  the  case  except 
in  very  long  spans.  Moreover,  only  the  loaded  chord,  as  a  rule,  needs 
attention.  A  short  investigation  will  tell  whether  such  is  the  case  or 
not.  Chapter  XX  on  "Laterals  and  Sway  Bracing"  discusses  this  point 
fully. 

The  details  of  the  truss  members  are  as  important  as  the  sections 
themselves,  if  not  more  so;  for  experience  has  shown  that  most  bridge 
failures  have  been  due  to  faulty  details  rather  than  to  incorrect  propor- 
tioning of  main  members,  although  the  latter  has  not  been  lacking  al- 
together. Some  of  the  most  important  recent  considerations  have  been 
along  the  lines  of  the  bracing  necessary  to  make  the  component  parts  of 
a  member  act  as  a  whole;  and  especially  is  this  true  in  regard  to  com- 
pression members. 

The  parts  composing  the  different  truss  members  are  variously  con- 
nected, depending  on  the  function  of  the  latter  as  well  as  on  the  size  of 
the  sections.  The  two  leaves  of  compression  members  are  connected  by 
lacing  at  both  top  and  bottom,  by  a  central  solid  diaphragm  with  batten- 
plates  at  top  and  bottom,  by  a  top  cover-plate  with  bottom  lacing,  or 
by  cover-plates  at  top  and  bottom.  Lacing  on  the  two  open  faces  is 
used  for  compression  web  members,  and  sometimes  for  the  top  chords, 
when  these  are  formed  of  two  rolled  or  built  channels  of  ordinary  section. 
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It  is  figured  according  to  the  formula  given  in  the  specifications  of  Chapter 
LXXVIII,  which  specifications  fix  also  the  minimum  sections  allowable. 
In  Chapter  XVI  on  "Detailing  in  General"  the  subject  of  lacing  is  very 
fully  discussed.  In  Figs.  16a  and  166  are  given  curves  for  the  weights  of 
various  types,  both  single  and  double,  for  different  distances  from  centre 
to  centre  of  rivet  lines;  and  Fig.  16c  can  be  employed  for  the  design  of 
lacing.  From  these  diagrams  the  most  economical  lacing  for  any  given 
section  can  readily  be  determined.  The  top  chords  generally  have  cover- 
plates,  with  lacing  in  the  bottom  plane.  In  this  case  the  lacing  is  designed 
in  the  same  way  as  it  is  when  used  on  both  faces,  the  cover-plate  being 
considered  as  one  of  the  planes  of  lacing.  For  the  heavier  built  sec- 
tions man}^  engineers  advocate  the  central  solid  diaphragm  consisting 
of  four  angles  and  a  web  with  batten-plates  on  the  open  faces.  Some- 
times lacing  replaces  the  web-plate.  Either  detail  makes  an  exception- 
ally good  section.  In  the  same  way  the  use  of  cover-plates  at  top  and 
bottom  have  come  to  replace  the  lacing  in  the  very  heavy  sections,  as 
they  can  be  depended  upon  to  a  much  greater  extent  than  the  lacing, 
especially  when  properly  stiffened;  and  they  can  also  be  counted  in  as 
part  of  the  area  of  the  member.  Lacing,  when  employed,  should  always 
be  arranged  so  as  to  permit  of  easy  access  for  painting.  For  this  purpose 
a  cylinder  four  (4)  inches  in  diameter  should  be  capable  of  insertion  be- 
tween any  set  of  bars  and  the  main  section. 

The  two  leaves  of  tension  web  members  are  usually  connected  by 
batten-plates  except  where  counter-stresses  compel  them  to  take  com- 
pression as  well  as  tension,  in  which  case  they  are  laced  like  ordinary 
compression  members.  The  two  end  panels  of  the  bottom  chords  also 
should  generally  be  laced.  This  is  more  important  in  railway  bridges 
where  the  thrust  from  braked  trains,  either  steam  or  electric,  may  be 
considerable;  and  in  this  case  they  should  not  be  omitted.  In  ordinary 
highway  spans,  however,  such  a  refinement  is  not  necessary,  and  batten- 
plates  ordinarily  can  be  adopted  throughout  the  bottom  chord.  Batten- 
plates  9"  X  ^"  spaced  three  (3)  feet  centres  will  suffice  for  ordinary  sec- 
tions; but  for  the  larger  ones,  the  batten  dimensions  will  have  to  be  deter- 
mined according  to  the  specifications  in  Chapter  LXXVIII.  For  the 
very  heavy  sections  lacing  will  have  to  be  resorted  to  from  the  view- 
points of  both  fabrication  and  shipment  as  well  as  from  that  of  erection. 

Stay-plates  must  be  used  at  the  ends  of  all  built  members,  and  they 
should  conform  to  the  specifications  of  Chapter  LXXVIII.  They  should 
be  placed  as  near  the  ends  of  the  members  as  practicable,  and  should  be 
extended  well  inside  of  the  gusset-plates.  Where  the  latter  are  placed 
inside  of  the  member  it  is  difficult  to  obtain  this  result,  and  it  is  largely 
for  this  reason  that  the  author  advocates  turning  the  angles  inward.  In 
the  case  of  the  top  chords  with  the  angles  turned  out,  the  proper  staying 
of  the  w^eb  members  likewise  stays  the  bottom  flange  of  the  chord.  In 
placing  the  stay-plates,  care  should  be  taken  to  see  that  all  field  rivets 
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can  be  readily  driven  or  that  means  can  be  arranged  for  so  doing.  In  the 
lower  chords  the  bottom  lateral  plates  are  extended  across  the  member 
and  form  the  lower  stay-plates;  and  at  the  top  two  stay-plates  are  gener- 
ally employed,  one  on  each  side  of  the  panel-point.  They  should  be 
arranged  so  as  not  to  interfere  with  the  driving  of  field  rivets  in  the  bottom 
chord.  The  stay-plates  need  not  be  placed  at  the  extreme  end  of  the 
posts  near  the  floor-beams  because  the  diaphragms  effect  the  same  purpose. 
They  should,  however,  extend  past  the  ends  of  the  latter  from  six  (6)  to 
twelve  (12)  inches. 

Diaphragms  are  required  in  the  truss  members  at  the  panel-points  for 
the  full  depth  of  the  floor-beams  so  as  to  equalize  the  panel  load  on  the 
two  leaves  of  the  truss.  Where  the  bottom  chords  have  their  angles 
turned  in,  it  is  necessary  to  break  the  diaphragms  and  make  them  in  two 
pieces.  They  are  generally  built  of  four  angles  and  a  web-plate.  The 
outstanding  legs  of  the  angles  must  be  of  ample  width  to  provide  for  the 
floor-beam  connection.  Similar  diaphragms  are  necessary  in  the  chords 
which  carry  the  floor  sj^stem  in  bridges  that  have  shallow  floors.  When 
the  floor-beams  are  placed  close  together,  say  from  one  (1)  foot  to  two  (2) 
feet  centres,  the  diaphragms  need  not  be  located  at  every  floor-beam, 
as  a  spacing  of  from  three  (3)  to  six  (6)  feet  will  suffice.  When  the  beams 
are  spaced  much  farther  apart  than  two  (2)  feet,  a  diaphragm  should  be 
placed  at  every  beam.  The  details  must  be  ample  to  make  the  chord 
act  as  a  whole. 

A  common  but  very  faulty  practice  in  detailing  trusses  with  single- 
plane  sway-frames  and  portals  is  to  connect  these  directly  to  the  webs  of 
the  inner  channels  of  the  web  members  without  the  use  of  cross  diaphragms. 
The  latter  detail  should  never  be  omitted.  In  fact,  horizontal  diaphragms 
to  carry  to  the  lacing  at  the  sides  of  the  posts  any  stresses  that  might 
exist  in  the  bracing  would  be  a  further  step  in  the  right  direction,  but  it 
is  questionable  whether  such  an  innovation  is  of  sufficient  importance 
to  be  warranted. 

Where  the  truss  members  are  very  heavy  and  thirty-six  (36)  inches 
or  over  in  depth,  cross-diaphragms,  spaced  from  six  (6)  to  ten  (10)  feet 
centres,  should  be  employed  throughout  their  length.  Without  the  use  of 
such  diaphragms  it  is  very  difficult,  if  not  impossible,  to  hold  the  members 
true  to  shape  and  fine  and  to  prevent  their  warping  during  fabrication. 
They  likewise  aid  in  securing  accuracy  in  the  widths  of  the  members, 
which  is  a  very  important  matter  in  large  trusses  where  a  failure  in  this 
particular  would  cause  a  large  amount  of  extra  shopwork.  In  addition, 
they  help  to  stiffen  the  sections  and  to  make  the  handling  of  the  members, 
both  in  shipment  and  in  erection,  much  easier  and  safer.  For  the  smaller 
of  the  sections  needing  diaphragms,  a  three-eighths  (^)  inch  web-plate 
with  two  angles  33/^"  X  33^"  X  Ys" ,  one  on  each  end,  will  be  sufficient, 
unless  the  member  is  very  wide,  in  which  case  it  will  be  necessary  to 
add  a  stiffening  angle  at  top  and  bottom  on  the  other  side  of  the  plate. 
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The  end  angles  should  be  placed  against  the  webs  of  the  truss  members 
l)otwecn  the  flange  angles  thereof,  and  the  diaphragm  itself  need  not  b' 
deeper  than  the  Unigth  of  its  attaching  angles,  especially  when  the  open 
faces  are  laced.  When  batten-plates  are  employed  instead  of  lacing,  the 
diaphragms  should  be  placed  at  the  points  where  these  occur;  and  when 
their  width  demands  horizontal  stiffening  angles,  the  diaphr.agm  plate 
should  extend  up  to  the  batten-plate,  and  the  two  should  be  connected 
by  the  said  stiffening  angles.  In  the  heaviest  sections  it  may  be  advisable 
to  use  eight  angles  for  each  diaphragm.  In  case  the  latter  is  extended 
over  the  flange  angles  of  the  chord,  fillers  should  be  inserted  under  the 
ends,  unless  side-plates  already  occupy  the  space.  To  secure  accurate 
ailjustment  in  the  widths  of  the  truss  members,  either  the  ends  of  the 
diaphragms  are  planed  or  the  angles  are  set  to  a  gauge  made  for  the  purpose. 

The  splicing  of  the  members  of  a  truss  is  one  of  the  most  important 
parts,  if  not  the  most  important  part,  of  the  work  of  preparing  the  plans 
for  a  bridge;  for  if  this  is  not  done  thoroughly  and  scientifically,  the 
greatest  care  in  the  determination  of  the  layout,  the  stresses,  and  the 
sections  will  be  of  little  avail.  The  old  saying  ''a  chain  is  no  stronger 
than  its  weakest  link"  cannot  be  emphasized  too  strongly  in  this  connec- 
tion. And  it  is  a  fact  that  while  the  sections  of  the  members  can  be 
determined  to  a  nicety,  the  splices  and  the  connections  (which,  in  reality, 
are  nothing  more  than  splices)  do  not  lend  themselves  to  definite  analysis. 
Various  assumptions,  more  or  less  arbitrary  and  uncertain,  have  to  be 
made;  and  even  so  far  as  these  are  concerned,  very  little  has  been  written 
that  will  throw  any  light  on  the  subject.  Of  course,  such  statements  do 
not  refer  to  small  sections,  where  splices  of  the  simplest  nature  give  prac- 
tically no  trouble  whatsoever;  but  they  do  refer  to  the  large  structures 
that  require  very  heavy  sections  and  extraordinary  details.  No  doubt 
this  condition  is  due  to  the  very  recent  development  in  large  bridgework, 
heavy  riveted  trusses  having  come  into  use  practical^  within  the  last 
ten  years;  consequently  sufficient  time  has  not  yet  elapsed  for  arriving 
at  the  best  methods  to  be  followed  either  from  a  theoretical  standpoint 
or  from  one  that  is  based  on  actual  tests.  While  all  engineers  are  familiar 
with  the  action  of  a  beam  with  parallel  edges  and  can  test  a  section  normal 
to  these,  the  determination  of  the  stresses  on  an  oblique  section  presents 
a  different  problem;  and  when  the  edges  are  inclined  to  each  other,  the 
case  becomes  even  more  involved.  All  of  these  situations  are  met  with 
in  the  testing  of  gusset-plates;  and  while  they  are  of  little  importance  in 
small  spans  where  the  gusset-plates  are  of  minimum  thickness  and  are 
more  than  ample  for  the  stresses  imposed  on  them,  in  heavy  structures 
their  consideration  is  most  essential.  In  this  chapter  the  author  will  give 
such  methods  as  he  has  developed  in  the  solution  of  their  designing.  They 
are  the  best  that  his  office  has  been  able  to  evolve,  and  can  be  safely  em- 
ployed until  further  investigations  give  simpler  and  more  accurate  methods. 

The  term  "  splice  "  is  ordinarily  assumed  to  refer  to  the  connection  be- 
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tween  two  parts  of  a  member,  the  sections  of  which  may  be  identical  or 
may  vary  slightly  but  are  of  the  same  general  outline.  Each  chord 
in  this  connection  is  considered  as  a  single  member,  which  in  reahty  it 
is.  Tliis  is  true  even  in  the  broken  top  chord,  the  only  difference  being 
the  necessity  of  making  the  splices  at  the  panel-points.  While  the  attach- 
ment of  the  web  members  to  the  chords  (or,  more  strictly  speaking,  to 
the  gusset-plates)  is  in  the  true  sense  of  the  word  a  splice,  it  is  invariably 
spoken  of  as  a  connection,  and  will  be  so  treated  in  this  discussion  when 
deahng  with  the  gussets  at  the  joints. 

In  trusses  two  types  of  splices  are  employed — the  butt-splice  and  the 
lap-splice.  The  former  is  almost  invariably  used  for  compression  mem- 
bers, as  it  is  more  economical  because  of  the  fact  that  the  majority  of 
specifications  require  the  full  butt-splice  to  be  made  only  partly  as  strong 
as  the  main  section,  whereas  the  lap-splice  has  to  be  as  strong  as  the 
member  itself,  or  even  stronger.  It  is  evident  that  the  butt-spUce  may 
require  a  greater  total  thickness  of  metal  than  the  lap-splice ;  and  the  con- 
sideration of  this  fact  may  make  it  advisable  to  use  the  latter  in  very 
heavy  trusses,  in  order  to  comply  with  the  restrictions  of  the  specifications 
concerning  maximum  length  of  rivet  grip.  In  small  tension  members  the 
butt-splice  likewise  is  employed;  however,  when  the  sections  are  built 
up  so  that  lap-splices  can  be  used,  they  will  be  found  the  most  economic 
as  well  as  the  most  satisfactory  from  the  designer's  standpoint. 

There  are  other  considerations,  though,  that  must  be  taken  into  ac- 
count in  deciding  upon  the  style  of  splice  best  suited  to  any  particular 
case,  and  these  must  be  looked  into  carefully.  The  question  of  erection 
is  one  of  the  most  important  of  them;  and  it  is  for  this  reason  that  the 
engineer  in  charge  of  the  preparation  of  plans  should  be  familiar  with 
the  methods  that  are  likely  to  be  adopted  for  the  fieldwork.  Telescoping 
connections  of  any  kind  should  be  avoided  as  far  as  possible,  as  it  is  diffi- 
cult to  place  a  member  when  it  is  necessary  to  shove  it  in  from  the  end. 
This  method  is  likewise  dangerous,  and  it  often  causes  delays  that  might 
prove  serious.  These  difficulties  do  not  present  themselves  in  the  butt- 
splice;  and  the  lap-splice  can  be  so  arranged  that  this  objection  will  not 
exist.  The  various  parts  can  be  cut  so  that  the  member  to  be  erected 
can  be  lowered  into  place  from  above.  It  is  true  that  it  is  necessary  to 
drop  certain  plates  over  others,  but  \vith  proper  clearance  no  trouble  will 
ensue  from  this  source.  In  this  connection  it  is  well  to  call  attention  to 
the  necessity  of  providing  ample  clearances  for  erection  and  to  that  of 
detailing  the  joints  so  that  the  members  can  be  erected  without  having 
to  be  forced  into  place. 

The  number  and  the  location  of  the  splices  depend  on  various  condi- 
tions. The  number  of  splices,  naturally,  should  be  made  the  minimum 
possible  consistent  with  economy  of  material  as  well  as  with  ease  in  hand- 
ling, shipping,  and  erection.  Field  splices  depend  entirely  upon  this  last 
consideration.     In  the  first  place,  any  section  of  a  member  must  be  neither 
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too  long  nor  too  hoa\y  for  lumclling  or  for  shiiimont.  It  must  likewise 
be  of  such  proportions  that  it  can  be  properly  loaded  on  the  cars  and 
that  it  will  not  encroach  on  the  clearances  sj^ecified  by  the  various  rail- 
roads over  which  the  material  will  pass.  For  the  smaller  trusses  the 
length  for  handling  is  the  determining  factor.  As  a  rule,  a  length  of 
about  sixty  (GO)  feet,  or  approximately  a  little  over  two  ordinary  panel 
lengths,  should  not  be  exceeded.  If  this  limit  is  increased  to  any  extent, 
it  will  be  necessary  to  provide  several  points  of  support  for  the  hoisting 
apparatus.  Moreover,  in  the  smaller  spans  there  is  no  great  saving  of 
metal  in  omitting  a  few  splices. 

In  the  heavier  trusses  the  weight  of  the  member  is  the  governing 
factor.  Very  heavy  sections  require  special  erection  apparatus,  and  the 
facility  with  which  this  can  be  secured  and  the  advisability  of  its  use 
will  depend  on  the  location  of  the  structure,  consequently  no  fixed  rules 
for  splice  location  can  be  laid  down.  One  of  the  heaviest  single  pieces 
on  record  for  a  simple  truss  bridge  was  that  of  the  inclined  end  post  of 
the  423'  riveted  through-span  of  the  Fratt  Bridge,  which  piece  weighed 
approximately  one  hundred  and  four  (104)  tons.  This,  of  course,  was 
an  exceptional  case;   and  ordinarily  the  pieces  weigh  much  less. 

In  the  case  of  a  curved  top  chord,  a  field  splice  should  be  placed  at 
every  panel-point  where  there  is  a  change  in  the  inclination.  When  a 
straight  piece  extends  over  several  panels,  intermediate  field  splices  may 
be  necessary. 

When  a  truss  is  erected  by  the  cantilever  method,  it  may  be  obliga- 
tory, or  at  least  advisable,  to  put  a  field  splice  in  each  panel  of  each  chord. 
This  will  depend  on  the  weight  of  the  member  and  on  the  nature  of  the 
erection  equipment. 

The  use  of  the  shop  splice  will  depend  on  the  make-up  of  the  member 
between  the  field  connections.  Such  a  splice  is  necessary  only  in  case  a 
change  occurs  in  the  section  between  the  said  field  connections.  If  the 
member  extends  over  several  panels,  the  change  in  stress  will  call  for 
a  change  in  section.  As  has  been  stated  previously,  it  may  be  more 
economical  to  use  the  heavier  section  throughout  and  thus  avoid  the 
splice.  Such  a  procedure  will  depend  entirely  upon  the  question  of  its 
economy;  and  in  its  solution  will  have  to  be  duly  considered  the  costs 
of  material,  labor,  freight,  and  erection.  In  case  a  shop  splice  is  consid- 
ered advisable,  as  few  of  the  parts  of  the  member  as  possible  should  be 
spUced.  If  the  smaller  section  can  be  used  for  the  larger  with  the  addi- 
tion of  a  plate,  this  method  should  by  all  means  be  adopted.  The  addi- 
tional plate  can  be  connected  directly  to  the  gusset-plate,  thus  avoiding 
the  usual  splice.  It  is  this  fact  that  makes  the  adoption  of  the  narrow 
plates  between  flange  angles  so  advantageous  in  detailing,  as  is  well  illus- 
trated in  the  bottom  chord  of  the  truss  shown  in  F'ig.  22eee.  The  condi- 
tions mentioned  earlier  in  this  chapter  in  regard  to  this  detail  must  not 
be  overlooked,  however. 
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In  the  very  heavy  members,  not  only  the  change  in  the  stresses  but 
also  the  maximum  procurable  lengths  of  the  component  parts  will  deter- 
mine the  number  of  shop  splices.  These  lengths  will  depend  on  the 
weights  of  the  rolled  sections,  and  it  is  consequently  necessary  to  have 
at  hand  a  list  of  the  maximum  lengths  rolled  for  all  the  sections  given 
in  the  manufacturers'  handbooks. 

The  location  of  the  chord  splices  will  generally  be  governed  by  the 
erection  of  the  structure.  If  possible,  they  should  be  placed  just  outside 
of  the  joints  rather  than  at  the  panel-points,  as  such  splices  are  easier 
to  arrange  for  as  well  as  to  design.  Moreover,  they  accommodate  them- 
selves better  to  the  erection  of  the  trusses.  The  most  economical  splice 
of  this  kind  is  the  one  in  which  the  heavier  section  is  sufficiently  extended 
into  the  panel  of  the  lighter  member  to  permit  the  splicing  of  the  latter 
to  the  former.  This  is  invariably  done  in  shop  splices,  and  also  in  field 
splices  when  the  trusses  are  erected  on  falsework.  For  cantilever  erection, 
however,  it  is  necessary  to  have  the  splice  just  ahead  of  the  joint  so  that 
each  panel  can  be  placed  complete  before  the  traveler  is  run  out  to  erect 
the  next  panel.  As  stated  previously,  inclined  top  chords  and  chords 
with  unusually  large  sections  must  be  spliced  in  the  joints.  This  is  such 
an  important  point  as  to  warrant  its  reiteration. 

Tension  splices,  and  compression  splices  in  which  bearing  is  not  relied 
upon,  should  be  figured  for  the  full  strength  of  the  member.  In  very 
heavy  members  where  lap-splices  are  employed  they  should  be  made 
stronger  than  the  main  section  on  account  of  the  uncertainty  in  stress 
distribution.  The  specifications  in  Chapter  LXXVIII  require  ten  (10)  per 
cent  excess  of  strength  in  such  cases.  Where  the  section  is  milled  for 
a  full  bearing,  a  certain  reliance  can  be  placed  on  the  abutting  surfaces 
for  transmitting  the  stress  between  the  parts  of  a  member.  The  author 
assumes  the  bearing  good  for  forty  (40)  per  cent  of  the  actual  section, 
and  designs  the  splice-plates  for  the  remaining  sixty  (60)  per  cent.  All 
parts  of  each  member  should  be  fully  spliced  so  that  every  section  taken 
is  up  to  full  strength.  The  angles  are  generally  neglected  in  this  respect, 
the  detailer  assuming  that  the  stress  from  these  in  some  manner  or  other 
will  travel  across  the  cut.  Such  a  defect  in  design  shows  either  neglect 
or  inexperience  on  the  part  of  the  detailer.  Each  leg  of  the  angle  should 
be  spliced  directly,  although  it  is  not  always  convenient  to  do  this.  It 
may  be  more  advantageous  to  take  the  greater  part  of  the  stress  from 
the  angle  through  one  leg,  as  is  done  in  the  flange  of  a  plate-girder.  In 
any  case,  however,  there  must  be  enough  rivets  connecting  the  angles 
to  the  splice-plates  to  develop  their  capacity  fully.  The  use  of  the  lighter 
sections  of  angles  is  advantageous  in  this  regard,  as  fewer  rivets  are  re- 
quired for  the  development  of  their  full  strength.  Deep  chords  carrying 
direct  loads,  and  consequently  acting  as  beams,  should  also  have  each 
individual  part  fully  spliced,  even  though  each  part  may  not  be  fully 
stressed.     It  might  be  permissible  mider  certain  circumstances  to  splice 
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such  sections  for  the  stresses  only;  bait  the  author  docs  not  approve  of 
this  practice  and  advises  against  it  as  a  general  rule. 

The  splice-plates  should  be  placed  on  each  side  of  each  part  of  the 
section  so  that  the  centre  line  of  stress  throughout  the  connection  will 
be  practically  straight  or  will  deviate  from  a  straight  line  connecting  the 
centres  of  the  two  members  as  little  as  possible.  This  arrangement  gives 
a  well-balanced  detail;  and  it  can  be  effected  in  most  cases.  An  impor- 
tant advantage  involved  thereby  is  the  fact  that  it  brmgs  the  rivets  into 
double  shear,  thus  requiring  a  smaller  number  of  them  than  would  other- 
\vise  be  needed.  In  small  members  made  up  of  minjmum  sections  of 
either  rolled  or  built  charmels,  it  is  uneconomical  to  adopt  this  plan;  and, 
consequently,  a  single  plate  on  one  side  of  each  leaf  will  suffice.  However, 
where  the  before-mentioned  arrangement  can  be  employed  without  undue 
waste,  it  should  by  all  means  be  resorted  to. 

For  butt-splices  the  rivets  developing  the  plates  arc  figured  in  single 
shear,  double  shear,  or  bearing,  depending  on  whether  one  or  more  sphce- 
plates  are  used  and  upon  the  thickness  of  the  metal  in  which  the  strength 
is  to  be  developed.  In  this  case  the  web-plates  are  assumed  to  act  as 
a  unit  with  planes  of  shear  on  each  outside  surface  thereof.  Lap-splices, 
on  the  other  hand,  cannot  be  figured  so  simply,  as  the  various  plates 
and  angles  are  cut  at  different  points  and  spliced  separately.  Under  this 
condition,  the  splice-plates  on  one  side  may  be  considerably  closer  to  the 
plate  cut  than  on  the  other  side,  which  causes  a  greater  amount  of  stress 
to  go  to  the  nearer  plate.  In  figuring  such  splices  it  is  best  to  assume 
that  the  stress  from  any  plate  is  divided  between  the  splice-plates  on  the 
two  sides  in  inverse  proportion  to  their  distances  from  the  said  plate. 
While  this  may  not  be  strictly  true,  it  is  the  best  approximation  thus 
far  suggested.  Evidently,  when  the  web-plates  lap  over  each  other,  they 
must  be  considered  as  splice-plates  and  treated  accordingly. 

In  any  sphce  the  more  closely  together  the  rivets  are  placed,  the  more 
compact,  and  consequently  the  more  economical,  will  the  said  splice  be. 
In  compression  spUces  the  only  limitation  is  the  minimum  distance  from 
centre  to  centre  of  rivets  required  by  the  specifications.  In  tension  splices, 
on  the  other  hand,  it  is  necessary  in  addition  to  watch  the  net  section  of  the 
member.  This  is  generally  determined  at  the  first  fine  of  rivets  in  the 
sphce.  It  would  be  extremely  uneconomical  to  reduce  the  section  by  a 
full  row  of  holes  having  the  minimum  spacing  allowed;  consequently, 
a  number  of  rivets  sufficient  to  tack  the  plates  properly  together  as  well 
as  to  start  developing  their  strength  should  be  used  at  this  place.  As  a 
guide  to  what  the  author  considers  a  proper  number  of  holes  to  take  out 
of  tension  members  of  various  depths  so  as  to  determine  the  net  section. 
Table  226  is  given.  The  holes  are  indicated  by  the  cross-lines.  After 
the  first  line  of  rivets  is  passed,  no  additional  holes  can  be  taken  out 
unless  there  are  sufficient  rivets  in  front  of  the  section  in  question  to 
compensate  for  them.     Naturally,  it  is  desirable  to  increase  the  number 
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of  rivets  in  any  single  row  as  rapidly  as  possible  until  the  full  number 
is  used;  and  it  is  for  this  reason  that  the  maximum  allowable  spacing 
of  twelve  (12)  inches  is  seldom  employed  in  the  first  row.  This  is  espe- 
cially important  in  thick  sections  where  each  hole  out  requires  several 
rivets  to  compensate  for  it,  but  in  members  of  thin  or  minimum  sections 
it  is  not  so  essential. 

As  previously  stated,  the  author  designs  lap-splices  so  that  they  shall 
be  ten  (10)  per  cent  stronger  than  the  member  spUced.     In  order  to  get 


TABLE  226. 
Number  of  Rivet  Holes  to  be  Deducted  from  Built-up  Tension  Members. 
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this  extra  strength  into  the  splice-plates  as  soon  as  possible,  it  is  devel- 
oped by  both  the  rivets  and  the  splice-plates  before  the  first  plate  is  cut. 
The  strength  of  the  said  plate  is  developed  at  the  same  time. 

To  show  clearly  the  method  employed  in  figuring  a  tension  lap-splice, 
the  following  example  is  given.  This  splice  was  used  in  the  bottom  chord 
of  the  271'  riveted  truss  span  mentioned  previously  and  shown  in  Fig.  22ee6. 
This  structure  was  designed  under  the  specifications  of  the  American  Rail- 
way Engineering  Association.  The  rivet  values  as  given  therein  are  12,000 
pounds  and  10,000  ])ounds  per  square  inch  for  shear  on  shop  and  field 
rivets,  respectively,  and  twice  these  values  for  bearing;  and  the  unit  teu- 
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sile  stress  in  the  steel  is  limited  to  16,000  pounds.  The  members  spliced 
are  the  bottom  chord  sections  L3L4  and  LaLa'.  The  latter  is  extended 
into  ptmol  L^Lij  and,  consequently,  the  splice  is  figured  for  the  smaller 
section.  Fig.  22ggg  gives  the  details  of  the  completed  splice  for  the  whole 
section  in  addition  to  the  make-up  of  each  member;  while  Fig.  22hhh 
shows  the  complete  figures  for  one  leaf  of  the  sphce. 


i2P/s28°-W 
2P/S.28"'''/2'  , 
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Fig.  22ggg.      Tension  Lap-splice  in  Panel  L3L4  of  the  271-foot  Spans  of  the  Great 
Northern  Raihvay  Co.'s  Bridge  over  the  Yellowstone  River. 

As  is  seen  from  Fig.  22eee,  the  chord  sections  are  well  arranged  for 
lap-sphcing;  and  in  this  particular  splice  the  only  difference  in  the  two 
members  is  in  the  small  plates  between  the  angles.  In  L4I/4'  these  are 
of  the  same  thickness  as  the  angles,  which  condition  precludes  the  neces- 
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Fig.  'i^lnhh.     Diagram  Illustrating  the  Method  of  Figuring  a  Tension  Lap-splice. 


sity  of  fillers  on  this  side  of  the  point  where  these  plates  and  the  angles 
are  cut.  In  L3L4  the  thickness  of  these  plates  is  slightly  less  than  that 
of  the  angles,  calling  for  the  Y^'  filler  shown. 

The  fiirst  thing  to  arrange  is  the  cutting  of  the  plates  and  angles. 
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As  shown  in  Fig.  22hhh,  the  angles  and  the  plates  between  them  are  cut 
at  C.  It  is  necessary  to  cut  these  plates  at  the  same  point  as  the  angles 
so  as  to  permit  one  member  to  be  dropped  down  over  the  other.  The 
adjacent  plates  are  cut  at  D,  and  the  outside  ones  at  F.  The  arrange- 
ment of  cutting  the  outside  plates  at  D  and  the  adjacent  ones  at  E  will 
not  give  a  sphce  as  satisfactory  for  erection  as  the  one  shown,  on  account 
of  the  tongue-and-groove  joint  produced  thereby  in  each  leaf.  The  dia- 
gram in  Fig.  22hhh  is  laid  out  as  shown  for  convenience  in  following  the 
details  of  the  sphce.  The  horizontal  legs  of  the  angles  are  spliced  with 
top  and  bottom  plates;  while  the  vertical  legs  thereof  and  the  web-plates 
are  spliced  with  vertical  plates  inside  and  out.  For  this  reason  the  j5g- 
ures  for  the  horizontal  legs  of  the  angles  are  separated  from  the  rest  as 
shown  at  the  bottom  of  the  diagram.  The  plates  are  sketched  with  suf- 
ficient widths  to  take  the  necessary  figures,  while  they  are  separated  by 
a  space  in  which  to  indicate  the  stresses  passing  across  the  planes  between 
adjacent  plates.  The  angles  and  the  narrow  plates  that  lie  between  them 
are  separated  by  a  dotted  line  to  indicate  that  they  are  in  the  same  plane, 
and  that  consequently  no  rivets  can  pass  between  them.  After  the  plates 
are  laid  out,  their  distances  from  centre  to  centre  are  then  given  at  each 
end  for  each  member  in  thirty-seconds  of  an  inch.  These  are  used  for 
determining  the  lever  arms  for  moments.  At  the  start  it  is  essential  to 
assume  the  thickness  of  the  splice-plates  approximately  in  order  to  fix 
their  distances  from  the  adjacent  plates;  and  if  they  are  changed  mate- 
rially in  the  design,  it  will  be  necessary  to  run  through  the  figuring  of 
the  splice  a  second  time.  This  also  may  be  obligatory  in  checking  the 
splice  from  both  ends,  as  will  be  explained  later.  Next,  the  make-up  of 
the  sections  is  given,  each  part  thereof  in  its  proper  place;  and  at  A  and 
G  the  net  areas  of  the  latter  are  indicated.  As  the  splice  is  figured  for 
the  smaller  member,  it  is  possible  to  enter  the  splice  at  the  right  with 
a  greater  number  of  rivets  than  at  the  left;  however,  the  net  area  must 
not  be  reduced  below  that  of  the  smaller  section.  As  shown  in  Fig.  22eee, 
four  (4)  holes  are  taken  out  in  the  first  vertical  row  for  L3Z/4  and  five 
(5)  for  L1L4'.  At  B  are  given  the  net  sections  of  the  various  parts  of 
the  memb(^r  L3L4,  increased  by  ten  (10)  per  cent;  and  at  F  are  recorded 
the  net  sections  of  the  various  parts  of  the  member  LiL/,  increased  suffi- 
ciently to  make  the  total  section  here  equal  that  at  B.  The  splice  will 
be  figured  to  develop  these  values.  Instead  of  figuring  with  stresses,  the 
splices  are  carried  through  on  the  basis  of  square  inches  of  section  which 
work  at  the  normal  unit  stresses.  This  is  convenient  from  the  standpoint 
of  space  as  well  as  from  that  of  clearness.  These  areas  are  readily  con- 
vertible into  stresses  or  rivets  by  the  preparation  of  a  table  giving 
the  value  of  one  square  inch  of  metal  in  poinids,  as  well  as  in  rivets 
for  single  shear  and  bearing  on  various  thicknesses  of  plates  for  both 
shop  and  field  rivets.  For  this  particular  sphce  these  values  are  as 
follows : 


=  1.62    "         "         "  "         "  %q" 
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1  square  inch  of  metal  =  16,000  lbs. 

=  2.66  y^'  rivets,  field,  single-shear 

=  1.33    "        "         "      double    " 

=  2.09    "         "         "         bearing  on  Yie"  plate 

=  1.83    "         "         "  "        "  3^' 

9/  / 
/16 
11/ 
/16 

As  stated  before,  the  net  section  must  be  taken  care  of  first  in  order  to 
secure  the  maximum  number  of  rivets  in  a  single  row  as  soon  as  possible. 
In  L3L4  one  hole  out  requires  2.3  field  rivets  in  double  shear  to  compen- 
sate for  it,  while  in  L4L4'  2.5  rivets  are  required;  consequently,  one  more 
rivet  could  be  added  to  the  second  row  in  L3L4  and  two  in  L4L4'.  (See 
Fig.  22ggg.)  The  third  row  in  L3L4  could  be  filled  completely.  As  the 
number  of  vertical  rows  of  rivets  cannot  be  reduced  by  doing  this,  it 
would  simply  be  a  waste  of  money  to  put  in  these  extra  rivets,  for  the 
reason  that  they  are  not  needed.  In  addition  to  the  net  section  the  excess 
section  must  be  transferred  to  the  splice-plates  as  soon  as  possible, 
and,  consequently,  it  is  developed  in  conjunction  with  the  first  plate  to 
be  spliced  before  the  said  plate  is  cut.  Therefore  at  C  and  E  the  other 
plates  have  a  value  equal  to  their  actual  minimum  net  section  alone,  and 
this  is  maintained  mitil  each  plate  is  cut. 

In  determining  the  value  of  either  sphce-plate,  moments  are  taken 
at  C,  D,  and  E  about  the  other  plate  as  a  centre  for  the  areas  to  be  trans- 
ferred from  the  various  parts  of  the  member  to  these  plates.  This  mo- 
ment is  divided  by  the  distance  from  centre  to  centre  of  plates,  and  the 
resultant  is  added  algebraically  to  the  value  of  the  splice-plate  at  the 
previous  section  in  order  to  find  its  value  at  the  point  in  question.  The 
determination  of  the  values  of  these  plates  at  the  said  points  is  as  follows. 
figuring  from  the  left: 
Inside  splice-plate  at  C, 

0  +  4  [(3.36  X  60)  -f  (8.42  X  58)  +  (2.70  X  43)  -f-  (4.05  X  23)]  =11.53. 

Outside  splice-plate  at  C, 

3.36  +  8.42  -h  2.70  +  4.05  -  11.53  =  7.0. 
Inside  splice-plate  at  D, 

11.53  +  ^  [(10.50  X  43)  -  (3.06  X  60)  -  (8.15  X  60)]  =  8.70. 
7o 

Outside  sphce-plate  at  D, 

7.00  +  11.53  +  10.50  -  3.06  -  8.15  -  8.70  =  9.12. 

Inside  splice-plate  at  E, 

8-70  +  4  [(15-75  X  23)  -  (10.50  X  43)]  =  7.55. 

Outside  spUce-plate  at  E, 

9.12  -f  8.70  +  15.75  -  10.50  -  7.55  =  15.52. 
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As  a  check  on  section  E  we  can  figure  the  values  of  the  plates  from  the 
right,  obtaining 
Inside  splice-plate  at  E, 

0-\-^  [(0.25  X  60)  +  (1.97  X  60)  +  (2.04  X  43)  +  (18.81  X  23)]  =8.38. 

Outside  splice-plate  at  E, 

0.25  -h  1.97  +  2.04  +  18.81  -  8.38  =  14.69. 
This  agreement  is  sufficiently  close,  the  difference  being  due  to  the  fact 
that  the  two  chord  sections  are  unlike.     By  adding  up  the  areas  at  C, 
D,  and  E,  they  should  be  the  same  as  at  B  and  F.     This  is  indicated  at 
the  bottom  of  the  diagram. 

As  would  be  expected,  the  inside  splice-plate  requires  the  maximum 
area  at  C,  while  the  outside  plate  requires  it  at  E.  A  26"  X  /le"  plate 
with  five  (5)  holes  out  has  a  net  section  of  11.80  square  inches,  which  is 
all  right  for  the  inside  plate.  For  the  outside,  a  28"  X  ^/le"  plate 
with  five  (5)  holes  out  and  having  a  net  area  of  15.81  square  inches  will 
suffice.  For  the  top  and  the  bottom  plates  splicing  the  horizontal  legs 
of  the  angles,  a  13"  X  3^"  plate  having  a  net  area  of  4.12  square  inches 
is  used.  These  plates  also  act  as  stay-plates  and  must  fulfil  the  specifi- 
cations as  to  thickness — which  they  do.  As  will  be  noted  by  referring  to 
Fig.  22ggg,  the  maximum  number  of  rivets  is  not  provided  at  the  critical 
sections  of  the  side  splice-plates;  for  if  this  were  done,  the  splice-plates 
would  be  increased  in  thickness  without  decreasing  their  lengths. 

One  hole  out  of  the  ^/{g"  outside  plate  requires  1.9  field  rivets  in 
single  shear  to  develop  it,  and  for  the  /le"  inside  plate  1.5  rivets  are 
needed;  consequently,  the  second  row  of  rivets  can  be  completely  filled 
in  each  case. 

To  determine  the  number  of  rivets  required  between  the  various 
points  B  and  C,  C  and  D,  D  and  E,  and  E  and  F,  it  is  necessary  to  figure 
the  areas  passing  from  one  plate  to  the  other  across  the  planes  between 
them.  Take  the  part  of  the  splice  between  B  and  C.  Starting  at  the 
top,  the  total  value  of  the  inside  splice-plate  (11.53  square  inches)  has 
to  pass  across  the  plane  between  it  and  the  adjacent  plate  and  angles. 
As  the  area  of  this  plate  and  that  of  the  angles  equals  11.78  square  inches, 
the  difference  between  this  and  11.53  square  inches,  equal  to  0.25  square 
inches,  has  to  cross  the  next  plane  in  going  to  the  outside  splice-plate. 
In  crossing  the  28"  X  ^"  plate  it  picks  up  2.70  square  inches,  making 
2.95  square  inches  to  pass  over  the  next  plane.  From  the  next  plate 
4.05  square  inches  are  added,  giving  7.00  square  inches  across  the  outside 
plane,  which  is  equal  to  the  value  of  the  outside  splice-plate  at  C.  Com- 
paring these  various  values,  we  see  that  the  maximum  section  on  any 
plane  is  11.53  square  inches  adjacent  to  the  inside  splice-plate.  Convert- 
ing this  into  rivets  by  the  use  of  the  table  previously  given,  we  find  that 
thirty-one  (31)  are  needed  in  field  single  shear.  The  angles  require  six 
(6)  field  rivets  in  bearing  and  the  193^"  X  /is"  pl^^e  calls  for  eighteen 
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(18).  It  is  not  necessary  to  consider  tlie  other  plates  and  planes,  as  it 
can  be  seen  by  inspection  that  they  will  need  fewer  rivets  than  those  just 
computed.  By  examining  Fig.  22(i{ig,  we  find  that  there  are  six  (6)  rivets 
m  the  vertical  legs  of  the  angles,  twenty  (20)  in  the  19^"  X  ]{&'  plate, 
and  thirty-two  (32)  in  the  splice-plates,  which  arrangement  meets  all  the 
requirements  of  the  calculations.  In  the  same  way  the  other  rivets  are 
determined.  It  must  be  remembered  that,  as  the  rivets  distribute  the 
stresses  in  inverse  proportion  to  the  lever  arms,  it  is  necessary  to  end 
the  two  splice-plates  at  the  same  points.  An  inexperienced  designer  might 
be  tempted  to  save  a  little  metal  by  shortening  the  splice-plates  at  the 


2  5pl.  P/5  42'''2  outs 
Z5p/.P/s  42'"^'ouf5 


Z5p/.P/s  J9f'i'm 


4  n/fer  3p/.  P/s  6^  "'f/ns 


Fig. 


22wi.     Bottom  Chord  Tension  Lap-splice  for  the  287-foot  Span  of  the  O.-  W.  R.  R. 
&  N.  Company's  Bridge  over  the  Willamette  River  at  Portland,  Ore. 


ends  where  the  requirements  are  apparently  small.  The  top  and  the 
bottom  splice-plates  need  five  (5)  rivets  in  each  angle,  which  the  detail 
in  Fig.  12ggg  provides. 

The  figuring  of  splices  for  heavier  members  is  carried  out  in  the  same 
manner  as  just  explained  for  those  of  moderate  sections.  Two  or  more 
splice-plates  may  be  needed  both  inside  and  out,  and  these  must  be  eco- 
nomically arranged  as  to  both  thickness  and  length.  To  illustrate  such 
a  splice,  Fig.  22m  is  given.  This  is  taken  from  the  design  of  one  of  the 
287'  riveted  truss  spans  of  the  O.-W.  R.  R.  &  N.  Co.'s  Bridge  over  the 
Willamette  River  at  Portland,  Ore.  The  section  of  this  member  is 
given  in  Fig.  22ccc. 

SpUces  at  the  panel-points  are  figured  in  the  same  manner  as  are  those 
in  the  panel,  except  that  the  gusset-plates  are  used  as  splice  material  and 
must  be  dealt  with  accordingly.     As  this  type  of  splice  depends  to  such 
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a  great  extent  upon  the  gusset-plates,  an  example  of  it  will  not  be  given 
until  after  the  gusset-plates  have  been  discussed. 

Compression  splices  are  designed  in  the  same  manner  as  are  tension 
splices,  except  that  the  net  section  does  not  have  to  be  considered. 

The  gusset-plates,  as  previously  stated,  are  needed  to  connect  the 
web  members  of  a  truss  to  the  chords.  For  the  Ughter  trusses,  two  plates 
per  joint  are  used,  placed  either  inside  or  outside  of  the  chords  and  web 
members.  These  gussets  are  really  splice-plates,  and  the  connections  are 
computed  in  just  the  same  way  as  previously  described  and  exem- 
plified. While  two  plates  are  sufficient  for  the  smaller  spans,  four  or 
more  are  needed  for  the  heavier  ones.  These  plates  are  either  treated 
as  the  single  plates  already  mentioned  or  are  spliced-in  with  the  various 
parts  of  the  web  and  chord  sections. 

The  method  of  shingling-in  the  truss  members  with  the  gussets  will 
depend  upon  the  amounts  of  the  stresses  to  be  transmitted.  If  the  stresses 
are  large  and  the  rivets  are  thrown  into  single  shear,  the  cormections 
become  excessively  long  and  the  plates  unnecessarily  large.  With  the 
shingling  of  the  sections  the  rivets  are  thrown  into  bearing  and  double 
shear,  materially  reducing  both  the  number  of  rivets  and  the  sizes  of 
gussets. 

On  account  of  the  irregularity  of  the  joints,  it  is  necessary  to  mention 
a  few  special  points  that  need  attention.  In  determining  the  end  cuts 
of  the  various  parts  of  a  member,  it  should  be  kept  in  mind  that  beveled 
cuts  are  objectionable.  Of  course,  it  is  not  always  advisable  to  avoid 
them,  especially  in  the  web-plates;  but  there  is  little  excuse  for  cutting  the 
angles  on  a  bevel.  Beams  and  channels  with  skewed  ends  have  to  be 
trimmed  by  sawing,  which  is  more  expensive  than  shearing.  Lug  angles 
likewise  should  be  avoided,  when  possible;  however,  it  is  frequently  ad- 
vantageous to  use  them  in  order  to  develop  the  angles  within  the  gusset- 
plates  as  otherwise  longer  gussets  would  be  needed.  The  rivets  in  any 
cormection  should  be  balanced  about  the  centre-line  of  the  member.  The 
gusset-plates  should  have  as  few  cuts  as  possible;  plates  with  parallel 
edges  are  to  be  preferred  to  those  with  the  edges  inclined.  Making  the 
tops  of  the  bottom-chord  gusset-plates  in  through  bridges  horizontal  and 
lining  them  up  add  materially  to  the  appearance  of  the  span;  but  too 
much  expense  should  not  be  entailed  in  so  doing.  The  gusset-plates  should 
be  riveted  to  those  members  which  will  involve  the  easiest,  erection.  As 
a  rule,  the  top  plates  are  riveted  to  the  upper  chords,  the  end  bottom 
plates  to  the  end  posts,  and  the  other  bottom  gusset-plates  to  the  lower 
chords.  Care  should  be  taken  to  see  that  both  the  shop  riveting  and  the 
field  riveting  are  arranged  so  that  the  plates  will  not  interfere  with  the 
erection. 

In  detailing  a  joint  it  is  first  necessary  to  lay  out,  tentatively,  the 
members  and  the  rivets  in  the  various  connections. 

Figs.  2'2jjj  and  22kkk  will  prove  very  helpful  in  determining  the  uum- 
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her  c,f  .iv.l.  fen-  anv  stivss  Irom  zero  to  100,000  pounds  for  rivets  in  shear 
.nd  in  lH'-uin.>-.  For  larger  stresses  the  rivets  can  be  determined  by  pro- 
portion. ^The  gusset-plates  are  then  tested  for  tearing  out,  crushing, 
;  a  ug,  and  direct  stresses.  The  tearing  out  or  the  -ushing  of  the 
gu^set^  due  to  the  web  coimections,  will  depend  on  the  shape  of  the  gus- 


W 


30        ^         50        60         70 
i^/reS'S  in  fhoasanc/s  of  Pounds 
Fig.  22;>y.     Rivet  Diagram  for  y%'  Rivets. 


set  and  the  type  of  splice.  It  is,  therefore,  necessary  to  test  the  plates 
around  the  periphery  of  the  rivet  group  as  well  as  along  the  sides  and 
on  any  intermediate  row.  Also,  sections  through  the  rivets  carried  over 
to  the  edges  of  the  gussets  must  be  considered.  When  the  rivets  are  m 
single  shear  only,  the  gussets  are  almost  invariably  safe.  One  or  two 
tests,  however,  ^vill  make  the  fact  certain.     When  the  rivets  through  the 
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gussets  are  in  bearing,  numerous  sections  must  be  tested  to  prevent  over- 
stress.  The  outline  of  the  different  plates  at  any  joint,  when  more  than 
two  of  them  are  used,  will  depend  on  this  condition.     The  sections  are 


/O 


eo 


J{?         40  50         60         70         60 

^Sfress  in  Thou.sanc:/s  of  Pounc/s  ^ 
Fig.  22i7cA;.     Rivet  Diagram  for  \"  Rivets. 


figured  for  shear  on  surfaces  parallel  to  the  member  and  for  tension  or 
compression  on  those  that  are  normal  thereto. 

Testing  the  gusset-plates  for  direct  and  bending  stresses  presents  a 
somewhat  uncertain  problem  on  account  of  the  irregularity  in  the  plates,  in 
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the  sizes  of  the  rivet  groups,  and  in  the  various  arrangements  thereof.  The 
sections  should  be  taken  parallel  to  one  of  the  intersecting  members;  and 
the  various  forces  should  be  resolved  normal  and  parallel  to  the  sections. 
Taking  the  layout  shown  in  Fig.  22111  with  the  w^eb  members  below  the 
chord  and  the  connecting  rivets  uniformly  distributed  in  the  distance 
ka,  we  find  the  point  of  maximum  moment  for  a  section  parallel  to  the 

chord  to  be,  in  general,  at  a  distance  —  below  its  centre  line,  and  the  mo- 


ment to  be 


M  =  —  Sd  sin  a, 


in  which  So  is  the  stress  in  the  diagonal,  and  a  is  the  angle  between  the 
post  and  the  diagonal.  When  k  is  less  than  3^,  the  maximum  moment 
occurs  at  the  end  of  the  diagonal,  and  is 

M  =  a{l  -  k)SD  sin  a. 
For  values  of  k  up  to  0.65,  the  maximum  moment  will  not  exceed  the 
moment  at  the  end  of  the  member  more  than  ten  (10)  per  cent,  and  con- 


FiG.  221U.     Gusset-Plate  Diagram 


Fig.  22mmm.    Sections  for  Testing 
Gusset-Plates  at  the  Hip  Joint. 


sequently  for  such  a  condition  the  moment  at  the  end  of  the  connection 
will  suffice;  otherwise  the  point  of  maximum  moment  should  be  used. 
The  direct  stress  on  the  section  is  zero,  since  the  vertical  component  of 
Sd  is  equal  to  the  stress  in  the  post;  and  the  shear  is  equal  to  the  hori- 
zontal component  of  Sd. 

While  the  layout  shown  in  Fig.  22111  is  the  ideal  joint,  it  occurs  more 
often  as  the  exception  rather  than  the  rule.  Sometimes  the  post  extends 
into  the  chord,  in  which  case  the  point  of  maximum  moment  is  nearer  the 
centre  line  of  the  latter  than  a/2.  Again,  the  post  connection  may  ex- 
tend below  that  of  the  diagonal,  in  which  case  the  point  of  maximum 

a  +  b 


moment  is  approximately 


below  the  centre  line  of  chord,  in  which 


expression  b  is  the  depth  of  the  post  connection  below  the  said  centre  line. 
In  case  the  web  members  are  shingled  into  the  gussets  and  the  rivets 
through  them  are  thrown  into  bearing  for  a  part  of  the  connection,  this 
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fact  must  be  taken  into  account  by  making  a  greater  than  the  distance 
to  the  end  of  the  gusset-plate.  In  case  the  gusset-plates  help  to  splice 
the  chord,  the  stresses  induced  in  them  by  this  action  must  also  be  used  in 
figuring  the  moments  and  the  direct  stresses  on  any  section  normal  to  the 
said  chord.  Sections  parallel  to  the  posts  are  tested  in  the  same  manner 
as  those  parallel  to  the  chords.  The  sections  indicated  in  Fig.  Ilmmm 
should  be  used  in  testing  the  hip  joint.  The  extreme  fibre  stresses  on 
inclined  edges  must  be  multiplied  by  the  square  of  the  secant  of  the  angle 
between  the  edge  and  a  normal  to  the  section  being  tested  in  order  to 
determine  the  true  stress. 

To  illustrate  clearly  the  methods  just  described,  the  figuring  of  the 
gusset-plates  at  the  hip  of  the  span  shown  in  Fig.  22eee  \^^ll  now  be  ex- 
plained. Fig.  22nnn  gives  a  sketch  of  this  joint,  showing  the  sections  to 
be  tested  and  the  loads  for  one  leaf  of  each  of  the  members  meeting  there. 
The  unit  stress  in  tension  is  16,000  pounds  per  square  inch,  in  compression 
on  the  top  chord  13,400  pounds,  and  in  compression  on  the  end  post 
10,000  pounds,  although  the  allowable  intensity  for  this  last  member  is 
11,940  pounds.  The  numbers  of  rivets  required  for  the  different  parts 
of  the  various  members  are  as  follows : 


Member 

Part 

Area 

(Sq.  Ins.) 

Unit 
Stress, 
Pounds 

per 
Sq.  In. 

Rivets  Required 

l/iLn 

1  cover-plate  28"  X  ^" . 

2  L«4"X4"x3^r 

2  L-6"X6"X%" 

2  webs26"XM" 

2  webs  153^" XM" 

2  plates  10"Xf6" 

1  cover-plate  28" XY?," ■ 

2  L-4"X4"XH" 

2  L«6"X6"X^4" 

2  webs  26"  XM" 

2  plates  6"XA" 

4  L«4"X4"XH" 

2  plates  24"  XM" 

4  L«6"X4"XA" 

2  plates  15H"X5i"-.. 
2  plates  ZM'XV'i' 

17.50 
7.50 
16.88 
39.00 
23.25 
13.75 

17.50 

7.50 

16.88 

39.00 

6.75 

11.00 
30.00 

16.74 

22.75 
34.00 

10,000 
10,000 
10,000 
10,000 
10,000 
10,000 

13,400 
13,400 
13,400 
13,400 
13,400 

16,000 
16,000 

16,000 

16,000 
16,000 

29  field  single  shear 
13     " 

28     " 

UJJ^ 

65     "        "          " 
39     " 
23     " 

33  shop  single  shear 
14     " 

32     " 

VxU { 

73     " 
13     " 

30  field  single  shear 
80     " 

44     "        "         " 

[7iLi 

Splice  plates < 

62     •' 
91  ." 

As  laid  out,  the  top  angles  of  the  end  post  are  developed  directly  into 
the  gusset-plates;  and  in  addition  they  transfer  the  stress  from  the  cover- 
plate,  in  conjunction  with  the  connection  angles  on  the  inside.  Forty-two 
(42)  field  rivets  in  single  shear  are  required  for  the  top  angles  and  the 
cover-plate,  and  forty-six  (46)  are  provided.  Forty  (40)  rivets  connect 
the  V^Yi'  X  ^"  plates,  whereas  thirty-nine  (39)  are  needed.  The  bot- 
tom angles  require  twenty-eight  (28)  rivets,  where  twenty-six  (26)  are 
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shovvTi;  while  the  10"  X  "(r."  plates  call  for  twenty-three  (23),  with 
twenty-four  (24)  provided.  The  26"  X  H"  webs  have  one  hundred  and 
twenty  (120)  rivets,  while  sixty-five  (65)  are  shown  to  be  necessary  by  the 
calculations.  Although  this  is  more  than  are  needed,  the  rivets  cannot 
well  be  reduced  in  number  on  account  of  the  other  details.  In  the  same 
way  the  various  parts  of  U1U2  will  be  found  to  be  amply  developed.  In 
this  case  it  was  necessary  to  use  lug  angl(>s  to  help  transfer  the  stress  from 
the  bottom  angles.  The  equivalent  of  one  humlred  and  four  (104)  shop 
rivets  in  single  shear  is  pro\^ded  in  the  web,  whereas  only  seventy-three 
(73)  are  needed.  Hanger  UiLi  is  connected  w\th  forty-four  (44)  rivets, 
all  of  which  are  required;    while  U1L2  calls  for  one  hundred  and  ten  (110) 


Fig.  22nnn.     Hip  Joint  for  the  271-foot  Spans  of  the  Great  Northern  Railway  Co.'s 
Bridge  over  the  Yellowstone  River. 


rivets  with  one  hundred  and  twelve  (112),  as  detailed.  The  net  sections 
of  both  members  are  taken  care  of  as  shown. 

It  might  be  noted  that  the  rivets  through  the  outside  splice-plates 
do  not  really  act  at  full  efficiency  in  taking  stress  from  the  end  post  and 
chord,  since  these  plates  can  take  loads  perpendicular  to  the  cut  of  the 
web-plates  only;  but,  on  the  other  hand,  the  bearing  resistance  of  the 
milled  surfaces  is  neglected,  so  that  it  is  entirely  satisfactory  to  consider 
the  rivets  in  the  said  outside  plates  to  be  of  full  efficiency. 

We  shall  now  test  the  various  sections  marked  A  A,  BB,  etc.  Acting 
on  section  AA,  we  have  a  force  of  587,000  pounds  from  U1U2  along  its 
centre  Une;  and  from  LqUi  one  of  224,000  pounds  in  the  opposite  direc- 
tion in  addition  to  a  force  of  175,000  pounds  normal  to  the  section  and 
located  five  and  one-half  (5}/^)  inches  to  the  left  of  the  panel  point.  These 
last  two  forces  are  the  components  of  that  part  of  the  stress  from  L^Ui 

62 
acting  above  the  section,  viz.,  — r-  of  the  total  stress.     This  ratio  was 

liiO 

found  by  counting  the  number  of  rivets  in  the  entire  comiection  through 
the  upper  end  of  the  inchned  end  post,  and  that  portion  thereof  lying 
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above  the  section  AA.  These. forces,  as  well  as  all  others  to  be  considered, 
are  taken  for  one  side  onlj'.  They  arc  indicated  in  Fig.  22nmi.  The 
moment  of  these  forces  about  the  centre  of  gravity  of  the  section  is 

M  =  363,000  X  11.62  -  175,000  X  7  =  3,000,000  in.  lbs. 
The  gross  area  of  the  section  is  72"  X  I"  =  72  sq.  inches.     Therefore  the 
bending  stress  is 

6X3,000,000 


fb  = 


8,800  lbs.. 


1  X  72  X  72  X  .63  X  .63 
the  factor  0.63  in  the  denominator  being  the  cosine  of  the  angle  between 
a  normal  to  the  section  and  the  inclined  edge  of  the  plate;  and  the  direct 
stress  is 

175,000 


Jd  rj2 

stresses   of  fc 


+  2,500  lbs., 


giving  extreme  fibre  stresses  of  fc  —  6,300  lbs.  and  //  =  11,300  lbs. 
The  unit  tensile  stress  on  the  net  section  will  evidently  be  larger  than 
11,300  pounds  per  square  inch  by  about  twenty  (20)  per  cent,  since  there 
are  rivets  six  (6)  inches  between  centres  in  the  tension  portion,  or  say 
13,600  pounds  per  square  inch.     The  unit  shear  on  the  section  is 

363,000 


S 


72 


=  5,000  lbs. 


These  stresses  are  all  satisfactory.     The  stresses  on  section  BB  vnW  be 
found  to  be  about  the  same  as  for  section  A  A. 

On  section  CC,  we  have  acting  normal  to  the  section,  from  the  end 
post, 

Q4 

Cp  =  ~~-x  580,000  =  426,000  lbs., 
12o 

and  from  the  hanger, 

Th  =  64,000  lbs. 

For  the  section  we  have  the  following  properties: 


Section 

Area 

(A) 

Distance  (x)  from 

Centre  Line  of 

Chord  to  Centre 

of  Gravity  of 

Plate 

Ax 

h 

Ah'- 

,              Total 

^c                I 

1  plate  68" XJ^".... 

1  plate  52"XM".... 

1  plate  30" X 3^".... 

*1  plate  153^"  X^".. 

34.0 
26.0 
15.0 

5.8 

22 

14 

.3 

0 

748 

364 

45 

0 

7.7 

0.3 

11.3 

14.3 

2,020 

0 

1,920 

1,190 

13,100   

5,860    

1,120  1 

120   

Totals 

80.8 

14.3 

1,157|    .... 

5.130 

20,200    25,330 

*  Rivets  develop  only  this  much  of  the  15J^^^"X?i"  plate. 

We  then  have 


M  =  426,000  X  14.3  -  64,000  X  4.3  =  5,815,000  in.  lbs., 
C  =  362,000  lbs., 
/d  -  362,000  ^  80.8  =  -  4,480  lbs., 
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.   .          .       5,815,000  X  26.3  .  ...  ,, 

/ft  (comp.)  =    -     — — =  -  6,040  lbs., 

5,815,000  X  41.7 
/b  (tons.)  = ^^^0 "  '  ' 

/,  =  10,520  lbs., 
and  ft=    5,110  lbs. 

Hence  the  section  is  strong  enough,  as  the  unit  shear  is  low. 
On  section  DD,  we  have  from  U1U2, 

Cc  =  587,000  lbs., 
and  from  U1L2, 

To  =  155,000  lbs., 
both  of  these  forces  being  normal  to  the  section.     For  the  section  we  have 
the  following  properties: 


Section 

Area 

(A) 

(x) 

Ax 

h 

AV 

^c 

Total 
/ 

1  plate  68"XM" 

1  plate  52"X3^" 

34.0 
26.0 
15.0 
11.6 

22.0 

14.0 

3.0 

0.0 

748 

364 

45 

0 

8.7 

.7 

10.3 

13.3 

2,560 

10 

1,590 

2,060 

13,100 

5,860 

1,120 

230 

1  plate  30"  Xj^" 

1  plate  153^"XM" 

Totals 

86.6 

13.3 

1,157 

6,220 

20,310 

26.^.-^0 

We  then  have 

M  =  587,000  X  13.3  -  155,000  X  5.6  =  6,930,000  in.  lbs., 

C  =  432,000  lbs., 

/d  =  432,000  --  86.6    =  -  5,000  lbs., 

.    .          .        6,930,000  X  25.3  ^  ^^^  ,, 

fb  (compr)  = ^g^gQ =  -  6,600  lbs., 

,       6,930,000X42.7 

^'  ^^^""^-^  "     26"530 "  "^      '  ^  ^^^'' 

f,  =  11,600  lbs., 
and  ft  =    6,140  lbs. 

The  shear  on  DD  is 

S  =  255,000  -^  86.6  =  3,000  lbs.  per  sq.  in. 
The  values  for  /<.,  both  on  CC  and  on  DD,  are  lower  than  is  necessary. 
However,  it  must  be  remembered  that  these  figures  are  made  on  gross 
sections,  and  that  they  ^vill  be  increased  from  ten  (10)  to  fifteen  (15)  per 
cent  on  the  net  section.     Section  EE  is  practically  the  same  as  DD. 

We  shall  now  test  the  gusset-plates  for  tearing  out  by  the  diagonal. 
Figuring  the  section  along  the  outer  lines  of  rivets  and  across  the  third 
row,  we  have : 

1  Plate  15"  X  y/'  at  10,000  lbs.  =    75,000  lbs. 

1  Plate  15"  X  J^"  at  16,000  lbs.  =  120,000  lbs. 

Total  strength  of  section  =  195,000  lbs. 

Stress,  14  rivets  at  6,000  lbs.  =    84,000  lbs. 


526 


BRIDGE   ENGINEERING 


Chapter  XXII 


Each  extra  row  of  rivets  adds  6  X  6,000  lbs.,  or  36,000  lbs.,  while  the 
increase  in  the  strength  of  the  gusset-plate  is  0  X  3^  X  10,000  lbs.,  or 
30,000  lbs.  Even  though  each  row  of  rivets  is  stronger  by  6,000  pounds 
than  the  extra  plate,  they  cannot  overcome  the  big  excess  of  the  plate  over 
the  rivets  (111,000  pounds)  on  the  section  first  figured.  Moreover,  after 
the  next  two  rows,  another  one-half  (j/Q  iiich  plate  is  added. 

From  the  foregoing  calculations  we  see  that  the  joint  i.s  well  designed 
in  every  respect.      Joints  at  other  points  are  figured  in  the  same  manner 


2SplPh42'^^3'os. 


5tcTiON  UiUi 

2Ph26'i'u 
4Pl5  42H' 
L  2'-/rb-b^' 


5[CTlOiV  LoU, 

2P/sJ9H'is. 
2P/s26''fis 
4Ph42'i' 


SCCTION  Uib 

4£'6x4->.i- 
4Ph26''f6' 
2-IOi'b-b^' 


SCCTION  U1L2 

4^'8''8H' 
6P/sJ6'i' 
2Pb20',i'is 
5-Olb-b^' 


Fig.  22ooo. 


Hip  Joint  of  the  287-foot  Span  of  the  O.-W.  R.  R.  &  N.  Company's 
Bridge  over  the  Willamette  River  at  Portland,  Ore. 


as  are  also  joints  with  the  members  shingled  into  the  gussets.  To  illus- 
trate the  latter,  Figs.  22ooo,  22ppp,  22qqq,  and  22rrr  are  given. 

In  this  connection  the  splicing  of  the  section  of  the  bottom  chords 
where  metal  is  cut  out  by  the  floor-beam  rivets  must  not  be  overlooked. 
In  deep  chords  for  heavy  trusses,  it  is  very  important  to  give  this  point 
careful  consideration. 

In  pin-connected  spans  the  truss  members  are  similar  to  those  for  riv- 
eted spans,  except  that  eye-bars  are  generally  employed  for  the  parts 
under  tension  only,  and  that  usually  all  the  web  members  are  hinged  at 
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tlicir  connections.  It  was  formerly  customary  to  make  all  diagonals  of 
eye-bars,  and  to  emj^loy  adjustal^le  counters  in  all  panels  in  which  the 
stresses  reversed;  but  tirst-class  modern  practice  requires  the  use  of  stiff 
diagonals  to  care  for  the  reversing  stresses.  The  bottom-chord  mem- 
bers in  the  two  end  jianels  should  be  stiff;  and  they  are  occasionally 
made  of  built  sections  throughout,  as  such  construction  permits  of  a 
much  more  satisfactory  attachment  of  the  lower  lateral  diagonals.  Again, 
in  certain  cases  the  connections  of  the  vertical  posts  and  the  hangers  have 
been  made  rigid,  thus  leaving  the  diagonals  as  the  only  members  with 


Scct/onUiU 
6PhJ6''i' 

episzo'4i5 


Section  U 2  Li 

2 Pb  54'' ft  IS 
4Pl5J4'''i'os 
r-Oi'b/ob^ 


2P/S.42-'. 

2Phld''i'LS 

2'irb-b^^ 


Fig.  22ppp.     Bottom 
N.  Company' 


Chord  Joint  L2  of  the  287-foot  Span  of  the  O.-W.  R.  R.  & 
s  Bridge  over  the  Willamette  River  at  Portland,  Ore. 


hinged  ends.  The  great  economy,  however,  in  the  pin-connected  con- 
struction lies  in  making  all  the  purely  tension  members  of  eye-bars,  ex- 
cepting only  those  in  the  two  (or  four)  panels  at  each  end  of  the  bottom 
chords. 

It  is  evident  that  the  packing  at  the  joints  affects  the  widths  and 
arrangements  of  the  truss  members ;  hence  care  must  be  taken  to  see  that 
neither  the  web  members  nor  the  chord  members  are  made  too  narrow. 
The  previous  discussion  on  riveted  trusses  holds  also  for  pin  spans  wher- 
ever applicable. 

While  the  built  members  in  general  are  arranged  along  the  same  out« 
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lines  as  those  for  riveted  spans,  for  the  chords  of  heavier  trusses  it  is 
necessary  to  resort  to  three  and  sometimes  to  four  main  webs.  This  is 
especially  advantageous  when  four  or  more  bars  are  employed  for  the 
main  diagonals,  as  it  permits  of  an  arrangement  that  prevents  excessive 


race 


5tifU^4''S'-hi' 


%'t1oles 


4SpU\8"'6''  ^/ios  ToDondBott. 
45dIPIs7J^''^so.s  TopandBott. 


Cut  2 pis.  <9^  '^//6  OS  Bolt. 
2  GusPh.  'y/e:    '  '    " 

2Gui  Ph.    '^/li 


Cuf2P/h'^'^6'ds.Bott. 


J       ^'  OuSj  HIS.    ■V/t       I  Cut  2  Web  PIS  54' 

Cul2Q/sPls  '9i6\and 2 PIs^d'-'he'uToDXut  4  Pis  8''  "f06LS 
Cut  4  /J'8''8'yns  Tod  and  Bolt      \Cul  4^^  8''d^^L 


^ru  .,"£' .  i^^'^'^'A      ^ ^^'  Plkj%\'  VsStod  IpdBott. 
4rillslO'i^^rilllliJ^     4\5pl\^^^'yp'Ms.Too\y&tt  I 


s.Top  ond  Boft. 


Fig.  22qqq. 


Top  and  Bo  ft 


5£:cTiON  UoUz 
I  Gov.  PI  60"' /z 
•2  Pis  54'" '^/i6 


\^2-4P/s8''^//6'/n5 
''^'^-4Pls8''''y/6oi 
2Pb.l2'''^/i6'Bott 
2^^8'''6Wo.s.Top 
2^^8'^6Wos.Boft 
4^^8'''8'/2'is 


[4Li8"'8''yz 
<2ril/s3''^i6 

UMM=i--2Gus  Pis  l28/^'%'fGuf8'rrofn  Top) 
v^^  "^3^^^^^^  Pl^  IZiyz"  '^6 
^^^^^2Gus.Pls  105'^  %' 


Section  UoLo 
2  Pis  54'"  ^a" 
2  Pis.  4 I'"  ^8 


f^'^-^  o  .X"      S£CVon  UoMi 

"^ii      \  4^^8'8'"/6 

^%  ^6Pls.5lk?-'yi6 

2PlsJ3Ji'''W 


Top  Chord  Joint  f/o  of  the  423-foot  Fixed  Spans  of  the  Fratt  Bridge  over 
the  Missouri  River  at  Kansas  City,  Mo. 


bending  stresses  on  the  pins.  Moreover,  it  reduces  the  thickness  of  the 
pin  metal  required  for  any  one  of  the  webs.  Such  construction  is  also 
necessary  for  the  very  large  sections  in  long  spans.  Where  it  is  not 
desirable  to  use  more  than  two  webs,  in  spite  of  the  entailed  necessity 
of  either  employing  (excessively  largo  j^ins  or  else  providing  special  details, 
the  pin-diameters  can  be  reduced  by  adding  one  or  two  short  intermedi- 
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ate  wobs  at  the  ends  of  the  members  for  pin  bearing  and  connecting  them 
to  the  main  webs  by  cross  di:ii)hragms.  Figs.  22sss,  22tlt,  and  22uuu 
show  three  sections  for  large  built  members  of  pin-connected  spans. 

In  determining  the  character  and  sizes  of  the  various  members,  care 
should  be  taken  to  see  that  the  pin-packiiig  is  satisfactory.  In  so  doing, 
ample  clearance  must  be  allowed  between  the  different  members  attached 


Section  Ml  Lz 
6  Pis  5 1 ^z-^ 


!^  Section  UzL2 
^ZPl5  48"^W 


SectionLzMs 
ZPl5  24''h' 


-'26usPl5.l5r-  '^16 
,-20usPlsl25'''yi6 
-ZGu5.Pb.ll5''  9/6 


SccvoN  LoL2'\ 

4^' d'e'"}^"  \ 


'^Diaphragm 

2l-^4-4'''ys'\  . 
2  5tifU^3f'3'y8 
2nil5  4''/2' 


Diaphragm- 
PI.40Hfin'y2 


4  5fiff^'^,^5''t 


Section  UL4 
4P/S  60''% 
'4Pls  8'4 
4^^  8'' 6'"!^/ 


2 nib  I  I'' y2.  .{  25kpi5my\'o.s. 

A  "^iifr/s^k^^xi    2r,nsPb'^fi\  4) 


\5pl.P/s:44'^idii  "r   T  "Diaphragm 
V/s6G^^pJ\2m^4is  P/.J9i'rin^y2 
43p/PJi7'M'(3  J      4^^4'''4'y/ 


CufZPb60Hond4^'8'6'2Cut4i'8''8''y2 


Laang^^CfJi 


^  Jill  I  ^-  ^t^y.J'l!        ^  UUJI  m\  716  1    tfO.  U- 1 

4riib3M^y2l20usPJ5.  jlypk  60:%_i 

.,  .      26us.Pbii .,2 Pis  60' j^ 


45lifn^5J^''3''^ 

4riib3y/'y2 

2nib9^" 


L'  7 


\  Lacing ^7*3? '/g 


inio  three  sections  l..--; 


Pb^a 
Stiff^^3y2'3'y3 

[nib  3y2'y2 


Lot  PI  28 'n 

Fig.  22rrr.     Bottom  Chord  Joint  U  of  the  423-foot  Fixed  Spans  of  the  Fratt  Bridge 
over  the  Missouri  River  at  Kansas  City,  Mo. 

to  each  pin.  For  compound  webs,  one  thirty-second  (^{2)  of  an  inch 
should  be  allowed  for  each  additional  plate  al)ove  two  on  account  of  the 
tendency  of  such  compound  plates  to  build  out  or  thicken.  As  far  as 
practicable,  rivets  should  not  be  countersunk,  although  they  may  be  flat- 
tened; and  the  outstanding  legs  of  angles  should  ])e  cut  just  as  little  as 
possible,  especially  in  compression  members,  as  such  members  are  ma- 
terially weakened  thereby.  In  any  case  projecting  rivet  heads  and  angle 
legs  must  be  taken  into  account  in  determining  the  packing.  Not  less 
than  one-sixteenth  C/i&)  of  an  inch  should  be  allowed  between  adjacent 
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bars  in  different  panels,  whereas,  on  account  of  painting  requirements,  at 
least  one-half  (3^)  of  an  inch  is  necessary  between  bars  in  the  same  panel. 
One-quarter  (34)  of  an  inch,  or  more,  should  be  provided  between  a  built 
member  and  an  eye-bar  or  between  two  built  members,  this  being  in- 
creased properly  for  projecting  rivet  heads. 

Just  as  in  riveted  trusses,  so  also  in  pin-connected  ones  it  is  neces- 
sary to  consider  carefully  the  details  at  the  joints  in  proportioning  the 
members — and  even  to  a  greater  extent.  After  determining  the  sections 
tentatively  and  arranging  the  packing  to  suit,  it  is  necessary  to  select 
a  certain  size  of  pin  for  one  of  the  joints — either  Ui,  Lo,  or  L3,  as  these 
are  usually  the  most  highly  stressed  pins — and  figure  the  thickness  re- 


n  r 


J    JL 


Fig.  22sss. 


J 

Fig.  22m 


1 


J 


r  1 


L    J 

Fig.  22uuu. 


r 


Chord  Sections  for  Pin-connected  Spans. 


quired  for  bearing  and  the  bending  moments  on  the  pin.  If  the  first 
layout  fulfills  all  the  requirements,  no  further  calculations  are  necessary 
for  this  point;  but  it  is  rarely  the  case  that  a  single  trial  will  suffice,  as 
there  are  too  many  conditions  to  be  fulfilled  to  make  the  initial  trial 
final.  In  the  first  place,  the  spacing  of  the  members  must  be  arranged 
to  suit  the  thicknesses  of  metal  required  for  bearing.  Then  the  sections 
through  the  pin,  as  well  as  back  of  it,  must  meet  the  specifications  in 
regard  to  built  tension  members,  when  these  are  used.  Lastly,  the  pin 
must  figure  for  the  maximum  bending  moment.  There  is  no  neces- 
sity whatsoever  for  showing  herein  the  method  of  computing  the  bending 
moment  on  a  pin  after  the  packing  has  been  arranged,  for  that  has  been 
a  standard  demonstration  in  text-books  on  bridges  for  more  than  three 
decades — in  fact,  it  was  discussed  at  length  in  the  author's  first  book, 
"The  Designing  of  Ordinary  Iron  Highway  Bridges,"  published  by  John 
Wiley  and  Sons  in  1884.  After  one  of  the  pin  diameters  has  been  deter- 
mined, the  others  should  be  made  of  the  same  size,  unless  such  an  ar- 
rangement would  fail  to  provide  sufficient  strength  in  every  case  or  would 
prove  to  be  uneconomical.  In  any  design  only  a  few  sizes  of  pins  should 
be  adopted  for  any  one  truss — in  fact,  it  should  seldom  be  necessary  to 
use  more  than  three. 

As  far  as  possible  the  members  should  be  arranged  so  as  to  produce 
small  bending  moments  on  the  pins.  The  diagonals  should  be  placed 
between  the  chords  and  the  posts.  The  chord  bars  in  adjacent  panels 
should  be  alternated  as  far  as  possible,  as  the  placing  of  two  bars  in  the 
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sanie  panel  adjacent  to  each  other  increases  the  length  of  the  pin;  but 
the  said  arrauginnc^nt  causes  the  couples  from  successive  pairs  of  bars  to 
act  in  the  same  direction,  and  it  will  sometimes  be  necessary  to  place 
two  Ikus  in  the  same  panel  side  by  side  in  order  to  reverse  the  effect  of 
some  of  the  couj^los.  As  the  pin  diameter  is  not  invariably  determined 
by  bending  but  frequently  by  the  bearing  of  the  members,  this  matter  of 
pin-packing  may  not  always  be  vitally  important,  although  it  generally 
is  so.  At  the  hip  the  diagonal  bars  should  be  located  inside  of  the  end 
post  and  top  chord,  although  it  is  sometimes  necessary  to  place  some 
of  them  outside.  When  this  is  the  case,  the  outstanding  legs  of  the  bot- 
tom angles  of  these  members  have  to  be  cut  away,  which  weakens  them 
materially  at  this  point,  necessitating  either  some  kind  of  reinforcement 
or  a  slight  increase  in  the  sectional  area  of  the  member  thus  cut." 

The  pins,  if  it  be  practicable,  should  not  have  a  diameter  greater 
than  the  depth  of  the  shallowest  bars  connected  to  them.  Moreover, 
their  diameter  should  not  be  less  than  eight-tenths  (0.8)  of  the  depth 
of  the  deepest  bars  that  they  couple,  as  the  bearing  on  the  pin  will 
be  about  equivalent  to  the  tension  in  the  bar  when  the  diameter  of 
the  former  is  about  three-fourths  (^)  of  the  depth  of  the  latter,  unless, 
perchance,  the  eyes  be  thickened.  That  used  to  be  the  practice  of  some 
of  the  manufacturing  companies  in  the  days  of  iron  bridges,  but  the  ex- 
pedient at  the  present  time  is  seldom  adopted.  An  economical  depth  of 
plate  for  built  tension  members  is  about  three  times  the  diameter  of  the 
pin.  Pin-plates  are  invariably  needed  for  built  sections.  They  must  be 
sufRcient  to  give  the  proper  thickness  for  bearing  on  the  pins,  in  addi- 
tion to  the  required  net  section  both  through  the  pin-hole  and  behind 
it.  The  pin-plates  should  be  stressed  in  proportion  to  their  thicknesses, 
and  their  strength  should  be  fully  developed  by  the  connecting  rivets. 
When  filler  plates  are  used  between  angles,  they  should  be  made  to  serve 
also  as  pin-plates.  In  built  tension  members  the  sections  of  some  of  the 
plates  through  the  pin-hole  may  not  be  sufficient  to  take  the  bearing 
stress  they  receive,  in  which  case  it  is  necessary  to  develop  at  least  the 
difference  between  the  two  values  by  rivets  back  of  the  pin.  In  posts 
and  other  l^uilt  web  members,  one  or  more  of  the  pin-plates  should  extend 
from  six  (6)  to  twelve  (12)  inches  inside  of  the  end  stay-plates.  Moreover, 
when  it  is  possible,  the  joints  of  such  members  should  be  stayed  by  cross 
diaphragms  extending  as  near  to  the  ends  as  convenient.  All  details 
must  be  arranged  so  that  there  shall  be  no  interferences  either  in  the 
assembling  or  in  the  field  riveting. 

For  straight  built-chords,  the  splices  are  arranged  in  the  same  man- 
ner as  they  are  in  the  case  of  riveted  trusses.  They  should  be  located 
to  suit  the  erection.  When  the  trusses  are  erected  on  falsework,  the 
centre  panel  is  generally  placed  first;  and  the  construction  then  follows 
therefrom  to  the  ends.  It  is,  therefore,  advisable  to  make  this  panel  self- 
sustainmg  by  placing  the  splices  in  the  adjacent  panels.     The  increment 
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of  chord  stresses  is  transferred  through  the  pins  to  which  the  web  mem- 
bers are  attached.  It  is  necessary,  of  course,  to  spHce  for  the  section 
cut  out  by  the  pins.  For  inclined  top  chords  breaking  at  the  panel  points, 
bearing  should  be  relied  on  the  same  as  in  riveted  trusses.  Sixty  per 
cent  (60%)  of  the  section  in  contact  in  addition  to  that  cut  out  by  the 
pins  must  be  developed  by  splice-plates.  At  the  hip  all  members  should 
be  made  to  have  full  bearing  on  the  pin.  In  case  full  bearing  of  the  top 
chord  members  on  the  pin  at  any  point  is  rehed  upon,  only  one  hinge- 
plate  should  be  used.  This  should  be  riveted  to  the  member  toward 
the  centre  of  the  span  and  made  long  enough  to  be  riveted  to  the  other 
member  after  erection.  In  the  centre  panel  the  hinge-plates  should  be 
attached  to  both  ends  of  the  chord  member. 

Sometimes  the  web  members  are  riveted  together  when  these  are  of 
built  sections.  In  such  cases  the  details  do  not  differ  materially  from 
those  for  riveted  trusses,  except  for  the  pin  connections  to  the  chords. 

The  bottom  laterals  should  be  intersected  on  the  centre  line  of  the 


Fig.  22mv.     Shoe  for  the  423-foot  Fixed  Spans  of  the  Fratt  Bridge  over  the  Missouri 

River  at  Kansas  City,  Mo. 

chords,  and  the  posts  should  be  extended  down  to  engage  the  lateral  plates. 
These  details  are  described  in  Chapter  XX. 

The  design  of  shoes  for  truss  spans  does  not  differ  materially  from 
that  of  those  for  girder  spans,  which  are  fully  described  in  Chapter  XXI, 
except  as  to  the  part  above  the  rollers.  This  should,  preferably,  be  a 
steel  casting  with  a  base  plate  and  vertical  ribs  to  engage  the  pin  through 
the  Lo  point  of  the  bottom  chord.  The  number  of  ribs  required  will 
depend  on  the  details  of  the  truss  at  this  point  as  well  as  on  the  load  to 
be  carried.  For  ordinary  trusses  two  ribs  are  sufficient,  and  these  are  gen- 
erally placed  outside  of  the  end  post.  For  shoes  with  three  ribs,  the 
division  of  the  reactions  between  them  can  be  determined  from  the  curves 
in  Fig.  296;  while  when  four  ribs  are  employed,  between  each  pair  of 
which  the  webs  of  the  end  posts  are  placed,  each  rib  can  be  assumed  to 
carry  one-fourth  (3^)  of  the  total  load  on  the  shoe.  The  main  ribs  should 
be  well  braced  with  cross  ribs;  and  the  height  of  the  shoe  should  be  made 
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as  small  as  possible,  consistent  with  good  designing.  For  very  heavy 
trusses  full  bearing  across  the  pin  is  sometimes  necessary.  Such  a  condi- 
tion arose  on  the  423'  riveted  sjians  of  the  Fratt  Bridge.  The  detail  of 
this  shoe  is  showii  in  Fig.  22i)i;y. 

Fig.  22///  gives  the  details  for  the  shoes  of  a  heavy  single-^track- 
raihvay  span. 

Built  shoes  are  sometimes  employed,  but  they  are  not  as  satisfactory 
as  those  made  of  cast  steel — neither  are  they  appreciably  cheaper. 

A  detail  used  on  certain  bridges  for  the  protection  of  the  trusses  con- 
sists of  a  horizontal  girder  riveted  to  the  web  members  above  the  floor. 
This  is  kno^\Tl  as  a  skid  girder,  from  the  fact  that  derailed  cars  are  ex- 
pecxed  to  skid  along  it  Avithout  striking  the  truss  members.  A  descrip- 
tion of  the  detail  as  used  on  the  Beaver  Bridge  over  the  Ohio  River  on 
the  Pittsburgh  and  Lake  Erie  R.  R.  is  to  be  found  in  Engineering  Record 
of  May  6,  1911.  While  on  one  occasion  long  ago  the  author  was  called 
upon  to  design  skid  girders  for  a  proposed  large  bridge,  he  has  never  made 
use  of  them;  but  he  considers  them  favorably,  and  would  advise  their 
adoption  for  very  important  railroad  bridges. 


CHAPTER  XXIII 

TRESTLES,    VIADUCTS,    AND    BRIDGE   APPROACHES 

The  distinction  between  trestles,  viaducts,  elevated  railroads,  and 
bridges  is  a  difficult  one  to  draw.  The  Standard  Dictionary  gives  the 
following  definitions: 

"Trestle.  An  open  braced  framework  for  supporting  the  horizontal  stringers  of  a 
railway  bridge  or  other  structure." 

"Viaduct.  A  bridge-Uke  structure,  especially  a  large  one  of  arched  masonry,  to 
carry  a  roadway  or  the  Like  over  a  valley  or  ravine,  or  across  another  roadway." 

"Bridge.  A  structure  erected  across  a  waterway,  ravine,  road,  or  the  hke,  serving 
for  the  passage  of  persons,  animals,  or  vehicles,  or  as  a  means  of  support  and  transit, 
as  for  a  water-main." 

Unfortunately,  the  terms  trestle  and  viaduct  are  used  interchangeably 
by  many  engineers.  It  will  generally  be  conceded,  though,  that  a  trestle 
is  a  viaduct,  but  that  a  viaduct  is  not  necessarily  a  trestle.  A  trestle 
consists  of  a  succession  of  towers  of  steel,  timber,  or  reinforced  concrete, 
supporting  short  spans,  while  the  piers  of  a  viaduct  may  be  of  masonry, 
steel,  or  timber,  and  the  spans  may  be  either  long  or  short. 

The  distinction  between  a  viaduct  and  a  bridge  is  still  more  difficult 
to  draw.  It  is  certain  that  every  viaduct  is  a  bridge,  but  every  bridge 
is  not  necessarily  a  viaduct.  The  general  idea  is  that  a  bridge  is  a  struc- 
ture most  of  which  is  over  water,  while  a  viaduct  is  a  structure  most 
of  which  is  over  a  dry  gulch,  but  the  existence  therein  of  a  small  stream 
would  not  change  the  denomination.  In  America  the  term  viaduct  usually 
refers  to  a  highway  structure,  while  in  England  it  applies  equally  to  a 
railway  bridge.  Since  the  advent  of  the  electric  railway,  the  distinction 
between  railway  and  highway  bridges  has  become  somewhat  involved, 
because  most  of  the  important  modem  highway  structures  carry  electric 
cars  as  well  as  road  vehicles. 

The  distinction  between  viaducts  and  elevated  railroads  and  between 
trestles  and  elevated  railroads  is  not  absolutely  determined.  An  elevated 
railroad,  in  the  common  acceptance  of  the  term,  is  a  continuous  elevated 
construction  (generally,  but  not  necessarily,  of  metal)  located  in  a  large 
city,  usually  in  the  streets  or  alleys,  but  sometimes  on  private  property, 
and  carrying  trains  of  cars  which,  as  a  rule,  are  lighter  than  those  of  the 
steam  railroads.  The  elevated  tracks  of  the  latter  where  they  pass  through 
a  cit}^  and  are  carried  either  on  earth  fills  enclosed  in  retaining  walls  or 
on  steel  construction  are  in  reality  elevated  railroads,  although  not  gen- 
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erally  spoken  of  as  such.  If  a  long  steel  structure  carrying  trains  is  lo- 
cated outside  of  a  city,  it  is  ordinarily  termed  a  trestle  and  not  an  elevated 
railroad.  Finally,  some  structures  located  in  cities  carry  both  electric 
railway  and  wagon  traffic.  These  are  called  viaducts  and  not  elevated 
railroads.  The  preceding  are  the  distinctions  adopted  in  this  treatise 
in  regard  to  the  four  terms  under  discussion. 

Approaches  to  bridges  may  be  ordinary  earth  embankments  finished 
off  at  the  adjacent  ends  with  either  abutments  or  buried  piers,  earth  fills 
enclosed  by  retaining  walls,  stone  or  concrete  masonry  arches,  timber  tres- 
tles, reinforced  concrete  trestles,  or  steel  trestles.  Where  so-called  ap- 
proaches consist  of  short  steel  spans  resting  on  masonry  piers,  they  ought 
not  to  be  considered  as  approaches  at  all,  but  as  a  portion  of  the  bridge. 
However,  if  the  structure  is  composed  of  a  few  long  spans  over  a  large 
river,  flanked  by  a  number  of  short  spans  that  are  supported  by  piers 
of  masonry  (either  stone  or  concrete),  lajrmen  are  sure  to  insist  on  calling 
the  collection  of  short  spans  with  their  piers  on  each  side  of  the  main 
structure  an  "approach."  As  it  is  custom  which  establishes  nomencla- 
ture, there  is  probably  no  use  in  trying  to  prevent  the  division  of  such 
a  structure  into  "bridge"  and  "approaches,"  logic  to  the  contrary  not- 
withstanding. 

The  best  kind  of  approach  to  a  railway  bridge  or  to  a  highway  bridge 
located  outside  of  city  limits  is  generally  an  earth  embankment  finished 
off  with  a  concrete  abutment  (either  plain  or  reinforced);  because  such 
construction  involves  almost  nothing  for  maintenance  and  repairs,  except- 
ing, of  course,  the  pavement  or  macadam.  For  a  while  there  will  prob- 
ably be  a  slight  settlement  of  the  earth,  but  in  a  few  seasons  this  will 
cease,  and  the  embankment  will  become  permanent  after  the  sides  have 
been  sodded  (either  naturally  or  artificially).  Without  the  sodding,  a 
certain  small  amount  of  repair  work  will  have  to  be  done  occasionally 
to  make  good  the  ravages  of  wash. 

Buried  piers,  which  are  discussed  fully  in  Chapter  XLIII,  are  not 
quite  as  satisfactory  as  abutments  for  finishing  off  the  ends  of  embank- 
ments, but  in  some  situations  they  are  perfectly  legitimate.  Where  the 
banks  are  very  high  they  effect  considerable  saving  in  first  cost;  but  the 
maintenance  of  embankment  involved  is  a  trifle  greater,  owing  to  the 
uncovered  ends  thereof.  This  item  may  be  of  importance  in  case  that 
an  overflow  of  the  stream  tend  to  erode  the  toe.  Proper  protection  by 
riprap,  however,  should  generally  keep  the  damage  down  to  an  incon- 
siderable amount. 

If  the  ground  that  would  be  occupied  by  the  side  slopes  of  an  em- 
bankment be  valuable  or  liable  to  become  valuable  in  the  not-too-distant 
future,  it  may  be  advantageous  to  put  in  retaining  walls  having  the  ex- 
terior surface  vertical  or  nearly  so.  This  question  is  one  solely  of  eco- 
nomics, and  must  be  settled  for  each  case  as  it  arises  according  to  the 
principles  given  in  Chapter  LIII,  the  equivalent  first  cost  at  a  number 
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of  future  dates  for  both  styles  of  construction  being  figured,  and  due  ac- 
count being  taken  of  the  variance  in  cost  of  maintenance.  The  differences 
between  these  figured  amounts  should  be  compared  with  the  probable 
values  of  the  land  saved.  This  comparison  will  determine  the  economics 
of  the  case  at  the  various  dates  assumed,  and  will  enable  the  engineer  to 
settle  which  style  of  construction  to  adopt. 

Masonry  arches  are  used  for  bridge  approaches  when  it  is  necessary 
for  railways  or  roadways  to  pass  beneath  the  embankments,  and  especially 
in  places  where  aesthetics  are  an  important  consideration.  They  involve 
expensive  construction,  and,  therefore,  are  suitable  only  for  important 
structures. 

Timber  trestles  are  a  very  common  type  of  approach  to  both  railway 
and  highway  bridges,  their  principal  recommendation  being  their  com- 
paratively low  first  cost.  But  as  timber  becomes  scarcer  and  its  cost 
greater,  the  economy  of  wooden  trestles  will  gradually  disappear.  It  is 
often  advisable  to  use  them  temporarily  (for  they  can  be  built  quickly  as 
well  as  cheaply)  with  the  intention  of  replacing  them,  before  they  decay, 
by  earth  embankments  or  steel  construction.  They  can  be  counted  upon 
to  last  from  six  (6)  to  ten  (10)  years,  but  by  careful  selection  of  timber, 
taking  special  pains  in  framing  and  erection,  and  the  expenditure  of  a 
little  more  money  (mainly  to  protect  the  timber  against  decay)  three  (3) 
or  four  (4)  years  more  can  be  added  to  their  life.  With  the  present  prices 
of  steel  and  timber,  it  is  nearly  alwaj^s  cheaper  to  build  approaches  of 
wood  and  replace  it  with  other  wood  as  it  decays.  An  economic  study 
of  the  types  of  construction  will  show  which  of  them  is  the  cheaper  at 
each  of  the  various  periods  when  a  reconstruction  of  the  entire  timber 
trestle  becomes  necessary.  If  the  study  is  assumed  to  extend  over  a  long 
period  of  years,  the  costs  of  reconstruction  should  be  figured  for  assumed 
increased  prices  of  timber.  There  is  a  most  objectionable  feature  inevi- 
table in  timber  trestles,  viz.,  the  constant  danger  of  being  burned,  to 
which  they  are  subject.  By  creosoting  or  otherwise  treating  the  timber 
their  life  may  be  increased  severalfold,  and  today  it  is  generally  best  to 
do  so,  as  an  economic  study  based  upon  a  probable  life  of  twenty-five 
years  for  the  creosoted  material  would  readily  show;  but,  unfortunately, 
the  creosoting  appears  to  augment  the  peril  from  fire. 

Reinforced  concrete  trestles  are  more  common  in  highway  than  in 
railway  structures,  because  many  engineers  fear  that  the  impact  on  the 
latter  is  apt  to  injure;  the  concrete.  However,  many  such  railway  trestles 
are  now  being  built,  and  none  as  yet  has  failed.  They  cost  much  more 
than  timber  trestles  and  generally  more  than  steel  ones;  but  when  properly 
designed  and  constructed,  the}^  require  very  little  expenditure  for  main- 
tenance. 

Steel  trestle  approaches  for  railway  bridges  are  preferable  to  earthen 
ones  only  when  the  latter  exceed  them  materially  in  cost,  and  when  it 
would  be  dangerous  to  obstruct  the  waterway  by  building  embankments. 
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The  way  to  determine  which  of  the  two  types  it  would  be  preferable  to 
build,  for  any  particular  case  where  either  would  be  suitable,  is  to  make 
an  economic  study  of  the  question  covering  a  long  series  of  years  and 
taking  into  account  the  cost  of  maintenance. 

It  is  sometimes  necessary  to  spread  or  fan  the  tracks  at  the  end  of 
a  bridge  for  the  jiurpose  of  making  a  right  and  left  turnout  or  to  provide 
a  storage  yard  for  cars.  In  such  cases,  if  earth  embanloncnt  be  too  ex- 
pensive or  otherwise  objectionable,  a  trestle  (preferably  of  steel  but  per- 
missibly of  timber)  %vill  have  to  be  employed.  In  designing  it,  care  should 
be  used  to  provide  for  the  effect  of  centrifugal  force,  based  upon  an  as- 
sumed velocity  that  ordinarily  will  not  be  exceeded.  If  this  elevated 
construction  has  to  cross  tracks  or  roadways,  the  designing  of  it  may 
become  quite  complicated. 

The  laying  out  of  steel  trestles  is  often  influenced  by  railroads  and 
wagon  roads  to  be  crossed.  This  is  especially  true  in  cities  and  their  sub- 
urbs. In  such  cases  the  structure  is  nearly  always  low,  and  the  spans, 
for  economy,  have  to  be  made  as  short  as  the  conditions  below  will  permit. 
The  first  step  to  take  in  preparing  such  a  layout  is  to  make  a  map  on  a 
fairly  large  scale  showing  with  extreme  accuracy  each  track  and  road 
crossed,  also  the  horizontal  clearance  lines  for  each.  From  the  latter 
there  can  be  seen  what  ground  is  available  for  the  placing  of  columns, 
remembering  that  it  is  generally  permissible  to  let  the  bases  encroach  a 
little  on  the  neighboring  rights  of  way  below  ground  level  and  for  a  short 
distance  above.  The  layout  should  involve  as  few  skew  spans  as  possible; 
and  skews  of  adjacent  bents  should  be  made  alike,  if  practicable.  The 
question  of  overhead  clearance  is  one  that  should  be  considered  in 
making  any  layout,  hence  a  profile  of  the  crossing  showing  the  grade 
of  the  structure  and  all  vertical  clearances  is  a  necessity.  If,  at  any 
crossing,  the  vertical  distance  between  the  clearance  line  and  the  grade 
is  restricted,  it  will  not  be  feasible  to  put  in  a  long  span  there  because 
of  the  great  depth  of  girder  which  would  be.  required.  In  such  cases  it 
is  profitable  to  adopt  girder  depths  that  are  far  from  economical  of  metal, 
and  often  as  shallow  as  a  proper  consideration  of  the  matter  of  deflection 
will  permit.  In  many  cases  of  restricted  head  room  it  is  a  good  plan  to 
adopt  half-through  girders;  but  if  there  are  to  be  any  track  crossings  or 
turnouts  on  the  deck,  this  expedient  would,  of  course,  be  impracticable. 
If  serious  difficulty  be  encountered  because  of  restricted  head  room,  a  last 
resort  is  to  raise  the  grade  on  the  structure  or  to  depress  the  grades  of 
the  tracks  or  roads  beneath.  The  former  method  is  generally  preferable, 
because  it  is  optional  with  the  company  constructing  the  structure  to 
make  the  change,  while  permission  would  have  to  be  obtained  from  other 
parties  in  order  to  adopt  the  latter;  and  such  permission  is  usually  ex- 
ceedingly difficult  to  secure. 

Wliere  there  are  no  tracks  or  roads  or  streams  to  be  crossed,  the 
layout  of  any  trestle  is  a  question  of  economics.     The  best  possible  lay- 
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out  in  any  such  case  is  that  which  will  make  the  total  cost  of  both  sub- 
structure and  superstructure  a  minimum.  The  economic  span  lengths 
are  a  function  of  the  height  of  structure,  and  as  this  varies  at  different 
places,  it  is  evident  that  a  great  many  lengths  might  be  employed,  but, 
for  manufacturing  reasons,  this  is  not  advisable;  hence  it  is  best  to  adopt 
as  few  span-lengths  as  possible.  Of  course,  if  there  is  an  exceedingly 
great  diversity  in  the  heights,  the  span-lengths  should  vary,  but  generally 
the  variation  should  occur  abruptly  in  groups  and  not  in  small  amounts 
from  span  to  span,  unless,  perchance,  this  suggested  arrangement  should, 
militate  too  seriously  against  an  aesthetic  appearance.  There  is  an  eco- 
nomic ratio  between  the  lengths  of  tower  spans  and  intermediate  spans, 
which  depends  greatly  upon  the  style  of  bracing  used  in  the  tower  and 
somewhat  upon  the  height. 

The  theory  of  the  economics  of  steel  trestles  is  discussed  in  Chapter 
LIII;  and  several  of  the  diagrams  pertaining  to  Chapter  LV  give  data 
concerning  the  economic  span-lengths  for  various  heights  and  different 
kinds  of  layouts.  In  the  excellent  book  of  F.  C.  Kunz,  Esq.,  C.E.,  en- 
titled "Design  of  Steel  Bridges,"  which  has  just  been  issued,  there  is 
given  on  p.  250  et  seq.  considerable  valuable  information  concerning  eco- 
nomical span-lengths  for  trestles  and  viaducts.  Such  data  are  exceedingly 
difficult  to  collect  or  expensive  to  prepare.  The  few  diagrams  of  weights 
of  metal  for  steel  trestles  contained  in  Chapter  LV,  prepared  especially 
for  this  treatise,  cost  for  computers'  salaries  alone  six  hundred  dollars. 
The  weights  of  metal  determined  by  the  formulae  of  Mr.  Kunz  check 
quite  closely  with  those  given  in  the  said  diagrams. 

For  high  structures  the  layout  will  necessarily  consist  of  alternate 
tower  spans  and  intermediate  spans;  but  for  low  ones  it  is  often  advis- 
able to  insert  solitary  bents  (either  fixed  or  rocker)  between  the  towers; 
and  for  very  low  structures,  such  as  elevated  railroads,  there  may  be  a 
succession  of  three  or  four  such  bents,  the  number  depending  on  the  span 
lengths  and  the  height.  With  fixed  ends  for  columns  the  temperature 
stresses  run  higher  than  with  rocker  ends.  (See  Chapter  XI,  Equations 
39  to  42,  inclusive.) 

With  alternating  tower  and  intermediate  spans  there  is  nearly  always 
one  expansion  point  at  each  tower;  but  the  author  has  tried  the  experi- 
ment of  connecting  rigidly  two  adjacent  towers  by  riveting  the  interme- 
diate girders  thereto,  the  result  being  eminently  satisfactory  as  far  as 
rigidity  is  concerned.  Of  course,  the  temperature  stresses  run  high,  but 
as  the  trestle  is  a  highway  structure,  and,  therefore,  not  often  subject  to 
live  loads  approaching  at  all  closely  those  for  which  it  was  designed, 
the  combination  of  large  temperature  stresses  and  large  live-load  stresses 
is  not  likely  to  occur.  If  it  ever  does,  the  overstress  would  do  no  harm, 
as  it  would  be  well  within  the  limit  of  elasticity  of  the  steel.  This  feature 
of  construction  would  not  be  so  applicable  to  railroad  trestles  where  great 
live  load^  are  often  applied.     If  it  is  ever  tried  on  them,  careful  calcula- 
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tions  of  combined  tempcraturo,  live-load,  and  dead-load  stresses  should 
be  made,  and  the  resulting  intensities  of  actual  working  stress  should  be 
kept  within  the  limits  set  in  the  specifications  of  Chapter  LXXVIII. 
This  expedient  should  not  be  employed  for  low  trestles,  say  under  seventy- 
five  (75)  feet  in  height;  and  when  the  tower  tops  are  rigidly  connected, 
the  tower  spans  should  be  comparatively  short  so  as  to  permit  of  the 
towers  springing  without  causing  unduly  high  temperature  stresses  in  the 
columns. 

For  low  trestles  where  solitary  bents  are  employed,  as  in  elevated-rail- 
road construction,  the  expansion  points  should  generally  be  spaced  not  to 
exceed  one  hundred  and  fifty  (150)  feet  apart.  Where  a  greater  distance 
is  adopted,  it  may  prove  necessary  to  strengthen  some  of  the  columns 
to  resist  the  combination  of  temperature  stresses  with  the  other  stresses 
to  which  they  are  subjected. 

The  hinging  of  pedestals  avoids  one-half  of  the  trouble  due  to  the  tem- 
perature stresses  caused  by  cormecting  several  bents  rigidly  at  their  tops 
bj^  longitudinal  girders,  as  compared  with  similarly  connected  bents  with- 
out rocker  pedestals;  and  all  the  trouble  can  be  avoided  by  hinging  the 
columns  at  both  top  and  bottom.  Theoretically  this  seems  to  be  ideally 
good  practice,  but  it  causes  a  loss  of  some  of  the  rigidity  which  is  the 
ultimate  object  of  riveting  several  consecutive  spans  to  the  bents.  Cases 
sometimes  occur  Avhere  it  is  necessary  to  put  in  a  long  stretch  of  low 
trestle  without  expansion,  and  in  these  the  use  of  the  suggested  double- 
rocker  bents  in  the  neighborhood  of  the  expansion  points  adopted  would 
afford  a  fairly  satisfactory  solution  of  the  problem. 

Sliding  joints  are  generally  required  at  the  column  feet  of  towers;  but 
if  the  distance  apart  be  not  greater  than  twenty  (20)  or  twenty-five  (25) 
feet,  they  may  be  attached  rigidly  to  the  pedestals,  which  would  then 
have  to  spring  possibly  as  much  as  three-  or  four-hundredths  of  an  inch 
from  normal  position  under  extreme  variations  of  temperature.  Where 
sliding  is  provided,  one  column  foot  of  a  tower  should  be  fixed  in  both 
directions,  and  one  should  be  arranged  to  slide  longitudinally,  one  trans- 
versely, and  one  in  any  horizontal  direction.  The  column  feet  should  be 
connected  by  substantial  struts  on  all  four  faces  of  the  tower  so  as  to 
force  the  pedestals  to  slide. 

In  railway  trestles  and  in  important  highway  trestles  the  tower  bracing 
should  consist  of  struts  throughout,  but  in  unimportant  highway  trestles 
the  diagonals  may  be  adjustable  rods,  as  this  tjrpe  of  bracing  effects  a 
considerable  economy  of  metal.  Where  stiff  diagonals  are  employed, 
there  should  be  a  horizontal  strut  at  each  panel  point  of  the  bracing 
frame.  The  author  recognizes  that  many  engineers  omit  the  horizontal 
struts  in  such  bracing,  and,  in  fact,  he  has  done  so  himself  in  times  past; 
but  he  is  now  convinced  that  the  omission  involves  secondary  stresses  in 
the  columns  that  are  too  great  to  ignore.  It  requires  only  a  little  extra 
metal  to  put  in  such  struts;  and  they  ought  not  to  be  omitted  for  any 
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reason  whatsoever,  if  one  intends  building  truly  first-class  construction 
throughout  the  entire  structure.  Some  engineers  put  in  the  horizontal 
struts  and  let  each  diagonal  consist  of  a  pair  of  light  angles  laced  or 
stayed  together,  upon  the  assumption  that  they  are  purely  tension  mem- 
bers and  cannot  carry  compression.  As  a  matter  of  fact,  one  diagonal 
of  each  pair  will  carry  a  certain  amount  of  compression  which  is  limited 
only  by  the  lateral  springing  of  the  piece,  after  which  the  other  diagonal, 
acting  in  tension,  takes  care  of  the  transverse  shear.  Unless  such  tension 
members  have  their  connecting  rivet-holes  punched  short  of  the  theoreti- 
cally true  position  so  as  to  throw  initial  tension  on  the  piece,  they  "v\dll  be 
loose  and  vibratory,  in  which  condition  they  are  inferior  to  rods,  as  these 
can  always  be  tightened  by  screwing  up,  while  the  loose,  riveted  diag- 
onals cannot  be  adjusted  without  cutting  out  the  rivets  and  doing  a  lot 
of  expensive  repair  work.  Where  riveted  bracing  is  a  sine  qua  non  and 
the  first  cost  of  construction  has  to  be  kept  as  low  as  possible,  the  angle 
tension-diagonals  can  be  employed;  but  they  are  unsatisfactory  for  truly 
first-class  work. 

The  amount  of  batter  for  tower  columns  varies  from  zero  to  about 
three  (3)  inches  to  the  foot.  For  high,  narrow  trestles  it  is  generally 
about  one  and  a  half  (1.5)  inches  to  the  foot.  The  usual  determining 
factor  for  the  batter  is  the  absence  of  tension  from  wdnd  on  the  windward 
columns  and  their  anchor-bolts  when  the  structure  is  not  loaded.  In  the 
author's  opinion,  the  possibility  of  such  tension  is  something  in  the  nature 
of  a  bugbear  to  most  bridge  designers.  A  small  amount  of  it  can  do  no 
possible  harm,  provided  that  the  pedestals  have  sufficient  mass  to  resist 
with  perfect  safety  the  greatest  possible  uplift.  There  is  no  need  what- 
soever for  increasing  the  sectional  area  of  the  columns  because  of  a 
slight  reversion  of  stress  caused  by  wind  pressure,  because  each  rever- 
sion, if  it  ever  exists  at  all,  will  come  only  at  great  intervals  of  time. 
The  narrower  the  tower  the  less  expensive  the  transverse  bracing,  hence 
it  is  economical  to  keep  the  width  down.  It  is  true  also  that  the  nar- 
rower the  tower  the  greater  the  wind  stresses  on  the  colunms;  but  it  is 
not  often  that  the  wind  loads  influence  the  sectional  area  of  these  mem- 
bers, owing  to  the  fact  that,  Avhen  the  effect  of  wind  is  included,  the  metal 
can  be  stressed  much  higher  than  for  combinations  of  stresses  from  which 
the  effect  of  wind  is  excluded. 

When  trestles  are  on  sharp  curves,  great  batters  miist  be  used  in 
order  to  provide  against  the  overturning  tendency  of  the  combined  centrif- 
ugal force  and  wind  load.  It  is  in  such  cases  that  the  necessity  arises 
for  dividing  up  the  transverse  bracing  by  intermediate  vertical  columns  so 
as  to  stiffen  the  long  transverse  struts,  as  will  be  explained  presently. 

It  is  a  mistake  to  batter  trestle  columns  in  the  planes  that  are  parallel 
to  the  longitudinal  axis  of  the  structure,  no  matter  how  long  the  inter- 
mediate spans  may  be;  because,  incidentally,  the  lengthening  of  the  said 
spans  with  the  corresponding  shortening  of  the  spans  over  the  towers  is 
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uneconomical,  but  mainly  because  the  shopwork  involved  in  the  manu- 
facture of  a  tower  battered  on  all  four  faces  is  troublesome,  expensive, 
and  conducive  to  error, — to  say  nothing  of  the  extra  expense  and  the 
worry  entailed  in  the  drafting.  The  only  plea  for  such  battered  towers 
is  sesthetical;  but  the  improvement  upon  the  general  appearance  of  the 
structure  which  they  would  effect  is  more  than  doubtful. 

One  of  the  main  controlling  factors  in  tower  designing  is  the  thru'st 
of  braked  trains,  for  not  only  does  it  determine  the  sections  of  the  mem- 
bers of  the  longitudinal  bracing,  but  it  also  adds  greatly  to  the  stresses 
on  the  columns.  The  farther  apart  the  columns  are  spaced  longitudi- 
nally the  smaller  will  be  the  effect  of  the  braked-train  thrust  upon  them, 
but  the  more  expensive  \vill  be  the  longitudinal  bracing.  It  is  evident 
also  that  the  more  elaborate  is  the  latter  the  shorter  for  economic  reasons 
should  be  the  length  of  tower  spans.  Clause  45  of  Chapter  LXXVIII 
specifies  the  traction  loads  which  are  to  be  used. 

For  highway  trestles  and  double-track-railway  trestles  vertical  columns 
can  be  used  up  to  a  height  from  pedestal  to  grade  equal  to  two  and  a 
half  (2.5)  times  the  perpendicular  distance  between  the  axes  of  the  two 
exterior  columns  composing  the  bent.  Beyond  that  limit  the  columns 
should  be  battered.  The  distance  between  column  centres  for  double- 
track-railway  trestles  should  be  so  taken  that  the  outer  longitudinal 
girders  will  he  in  the  vertical  planes  containing  the  column  axes,  provided 
that  the  before-mentioned  2.5  ratio  of  height  to  width  be  not  materially 
exceeded. 

As  previously  mentioned,  when  trestle  towers  are  very  wide,  it  be- 
comes necessary  to  break  up  the  transverse  sway  bracing  by  the  insertion 
of  an  intermediate  column  in  each  bent,  running  up  only  to  such  an  ele- 
vation that  the  width  there  will  be  too  small  to  require  a  division  of  brac- 
ing. Although  these  intermediate  columns  carry  no  live  load  and  but 
Uttle  dead  load,  they  should  be  provided  with  fair-sized  pedestals  so  as 
to  resist  overturning  properly  and  to  give  rigidity  to  the  construction  as 
a  whole.  The  exact  maximum  width  for  trestle  bents  without  interme- 
diate columns  is  difficult  to  specify,  being  really  a  matter  of  individual 
opinion.  The  author  would  place  it  at  about  thirty-five  (35)  feet,  which 
would  correspond  to  a  height  of  about  one  hundred  (100)  feet  in  a  single- 
track-railway  trestle.  For  extremely  high  trestles  it  is  necessary  again 
to  divide  the  transverse  vertical  sway  bracing  by  short  columns  resting 
on  small  pedestals.  Wherever  a  tower  is  wide  enough  to  require  a  divi- 
sion of  its  bents  by  vertical  posts,  there  should  be  some  light  longitudinal 
bracing  between  the  said  vertical  posts  so  as  to  stay  the  long  horizontal 
transverse  struts  and  permit  of  their  being  proportioned  for  reasonably 
small  ratios  of  I  over  r. 

In  very  high  trestles  the  distance  from  centre  to  centre  of  adjacent 
towers  is  generally  limited  by  the  practicable  length  of  the  projecting 
boom  of  the  traveler  which  does  the  erection.      On  this  account  it  is 
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not  always  feasible  to  adopt  the  span-lengths  which  would  reduce  the 
total  weight  of  metal  to  a  minimum;  but  it  can  be  done,  of  course,  by 
erecting  the  towers  with  gin-poles,  riveting  up  the  girders  on  the  ground, 
and  hoisting  them  into  place  from  the  tops  of  the  completed  towers.  U]) 
to  the  present  the  greatest  distance  between  tower  centres  for  trestles 
erected  by  traveler  is  about  one  hundred  and  fifty  (150)  feet.  By  the 
employment  of  the  other  method  of  erection  much  greater  distances 
between  tower  centres  can  be  adopted.  In  designing  any  exceedingly 
high  trestle,  careful  computations  of  cost  of  finished  structure  should 
be  made  for  each  method  of  erection,  using  the  most  economic  span- 
lengths  for  each  case.  To  do  this,  one  should  figure  not  only  on  the 
cost  of  the  metal,  but  also  on  that  of  the  plant  required  to  erect  it.  Some- 
times it  might  be  possible  to  procure  by  renting  or  purchase  a  traveler 
used  on  previous  construction,  but  generally  it  will  be  necessary  to  figure 
on  having  one  built.  If  so,  its  salvage  value,  if  any,  should  be  deducted 
from  the  cost  of  erection. 

The  greatest  height  of  steel  trestle  yet  erected  is  three  hundred  and 
twenty  (320)  feet  from  water  surface  to  grade.  Several  structures  of 
about  this  height  have  been  built. 

No  matter  how  long  the  intermediate  spans  of  a  trestle  may  be,  it  is 
bad  policy  to  make  them  pin-connected,  because  that  type  of  truss  is  too 
vibratory  for  trestles.  On  account  of  their  great  height  and  slenderness 
everything  possible  should  be  done  to  make  them  rigid.  For  this  reason 
adjustable  rods  and  tension  angle-diagonals  should  not  be  employed  in 
their  construction. 

In  planning  long  railway  trestles  and  viaducts,  provision  should  always 
be  made  for  safety  places  or  retreats  for  persons  and  hand-cars  which 
may  be  caught  upon  the  structure  by  an  approaching  train.  The  floor 
at  and  near  such  retreats  should  be  planked  over  so  that  the  men  in  mov- 
ing a  hand-car  will  have  no  trouble  in  stepping  around  it. 

There  is  a  common  feature  of  steel  trestle  designing  which  the  author 
cannot  endorse,  viz.,  cutting  off  the  tops  of  columns  and  resting  the  main 
girders  thereon,  or,  what  is  equally  bad,  resting  longitudinal  girders  on  top 
of  cross-girders.  First-class  detailing  requires  that  the  ends  of  all  longi- 
tudinal girders  shall  rivet  into  either  the  columns  or  the  cross-girders  and 
not  rest  loosely  on  them.  Loose  supports  tend  to  set  up  vibration;  hence 
they  should  be  avoided,  except,  of  course,  at  the  expansion  pockets. 

As  a  rule,  it  is  best  to  keep  the  tops  of  trestle  pedestals  within  two  or 
three  feet  of  the  surface  of  the  ground.  If  they  project  far  therefrom  and 
are  built  with  the  usual  batter,  they  will  look  too  flimsy  for  first-class 
work.  If  a  high  projection  be  unavoidable,  the  batter  should  generally 
be  made  greater  so  as  to  increase  the  solidity  of  the  construction,  and  thus 
check  vibration  from  either  the  live  load  or  the  wind  pressure — or  from 
both  combined. 

In  proportioning  masonry  or  concrete  pedestals,  the  weight  should  nut 


Fig.  23a.     Siiigle-tnu-k-nulway  Trestle  over  Stoyuiiia  Creek  near  Norlh  Bend,  B.  C, 
on  the  Line  of  the  Canadian  Northern  Pacific. 


Fig.  236.     Single-track-railway  Trestle  over  Anderson  Creek  near  North  Bend,  B.  C, 
on  the  Line  of  the  Canadian  Northern  Pacific. 
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be  made  less  than  twice  the  greatest  possible  net  uplift  that  can  come 
upon  the  column  foot  under  any  condition  of  loading,  due  account  being 
taken  of  the  buoyant  effort  of  the  water  in  case  of  possible  submergence 
of  the  pedestal. 

The  anchor-bolts  should  be  so  attached  to  the  masonry  as  to  develop 


Fig.  23c.     Solitary-column  Bents  in  the  North  Approach  of  the  Fratt  Bridge  over 
the  Missouri  River  at  Kansas  City,  Mo. 


their  full  strength  before  pulling  out.  Generally  it  will  be  the  wind  pres- 
sure on  the  unloaded  trestle  that  wall  produce  the  greatest  net  uplift,  but 
it  may  come  from  a  combination  of  wind  and  centrifugal  force,  or  of 


TRESTLES,    VIADUCTS,    AND    BRIDGE   APPROACHES 


545 


wind  and  thrust  of  braked  train.     A  combination  of  the  three  loads  is 
practically  impossible,  hence  it  need  not  be  considered. 

When  the  old  KinzAia  Viaduct  was  renewed  in  1900,  a  new  type  of 
tower  was  employed,  which,  to  say  the  least,  was  bizarre.  Its  special 
feature  was  the  omission  of  the  X-bracing  in  the  bents  and  compensating 
therefor  by  curved  brackets  in  the  corners  formed  by  the  intersection  of 
the  horizontal  cross-struts  with  the  columns.  Whether  the  object  of  the 
variation  from  the  current  practice  was  economy  of  metal  or  desire  to 
produce  something  new  is  not  apparent.  If  any  metal  were  saved,  its 
value  was  much  more  than  offset  by  the  expensive  shopwork  involved  in 
the  curved  brackets;  and  certainly  there  must  have  been  a  loss  of  rigidity, 


Fig.  23d. 


Built  Rocker-shoe  for  a  Solitary  Bent  in  the  South  Approach  of  the  Fratt 
Bridge  over  the  Missouri  River  at  Kansas  City,  Mo. 


because  the  brackets  are  not  as  stiff  as  crossed  diagonal  struts.  Again, 
the  computations  of  wind  stresses  are  much  more  intricate  than  those  for 
bents  -^dth  X-bracing,  and  the  secondary  stresses  must  be  higher.  To  the 
author  there  does  not  appear  to  be  any  good  reason  for  the  omission  of 
the  X-bracing.  If  it  were  advisable  to  omit  it  from  the  bents,  why  was 
it  retained  in  the  longitudinal  bracing?  Would  not  the  corner  brackets 
have  served  just  as  well  there  as  where  they  were  used?  The  fact  that 
this  tyY>e  of  construction  has  not  been  repeated  during  the  past  decade 
is  fairly  good  (although  not  conclusive)  evidence  that  it  did  not  receive 
the  general  approval  of  the  engineering  profession. 

In  Skirmer's  "Details  of  Bridge  Construction"  will  be  found  a  com- 
pilation of  a  mass  of  valuable  information  about  bridge  approaches,  via- 
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ducts,  and  trestles,  illustrating  many  of  the  principal  constructions  both 
in  America  and  abroad,  to  which  the  reader  is  referred  for  data  of  a  his- 
torical nature  concerning  such  structures. 

The  general  character  of  the  steel  railway  trestles  designed  by  the 
author  and  representing  his  latest  practice  is  shown  in  Figs.  23a  and  236, 
representing  two  structures  on  the  line  of  the  Canadian  Northern  Pacific 


l'-8J^ 


Fig 


r      ^ 

5ectionB-B. 

.  23e.     Column  Expansion  Pocket  for  a  Girder  in  the  South  Approach  of  the  O.- 
W.  R.  R.  &  N.  Company's  Bridge  over  the  Willamette  River  at  Portland,  Ore. 


Railway  in  British  Columbia,  where  that  road  parallels  closely  the  Fraser 
River.  One  trestle  is  located  on  tangent,  the  other  on  curve.  The  char- 
acter of  all  the  main  members  and  even  of  some  of  the  details  can  be 
recognized  from  these  photographs.  It  had  been  the  intention  to  supple- 
ment this  chapter  with  a  number  of  detail  drawings  covering  both  the 
sections  of  main  members  and  the  various  comiections;  but  the  issuing 
of  Mr.  Kunz's  book  has  obviated  the  necessity  for  some  of  this,  because 
in  his  Chapter  XII  he  presents  several  pages  of  detail  illustrations;  and 
the  reader  is  referred  to  these.  However,  the  author  disagrees  with  Mr. 
Kunz  on  three  rather  important  points,  viz. : 
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First.  He  does  not  approve  of  single-angle  diagonals  in  towers  and 
bents. 

Second.  He  objects  to  the  omission  of  the  horizontal  struts  at  the 
panel-points  of  the  vertical  sway  bracing,  because  of  the  high  secondary 
stresses  that  their  omission  causes. 

Third.  He  rivets  the  longitudinal  girders  and  the  end  cross-girders  into 
the  tops  of  the  coliunns,  which  are  bent  into  vertical  position  for  that 
purpose,  as  shoAvn  in  Fig.  23a.  The  weakening  effect  of  the  bend  is  fully 
compensated  by  the  brackets  comiecting  rigidly  the  portion  of  the  column 
inmiediately  below  the  bend  to  the  end  cross-frame. 

Fig.  23c  shows  two  solitary  bents  in  the  North  Approach  to  the  Fratt 
Bridge  over  the  Missouri  River  at  Kansas  City,  Mo.  This  approach 
consists  of  towers  about  three  hundred  and  forty  (340)  feet  apart  on 
centres  with  intermediate  single  bents  between  them.  Full-depth  trans- 
verse bracing  could  not  be  employed,  and  consequently  the  columns  and 
the  anchorages  had  to  be  designed  for  the  transverse  wind  bending.  The 
bent  at  the  left  of  Fig.  23c  has  a  rocker  base,  while  that  on  the  right  has  a 
fbced  base.  A  cast-steel  shoe  was  used  for  the  former,  but  the  fixed  shoe 
was  built  of  plates  and  angles. 

Fig.  23d  shows  a  built  shoe  for  the  rocker  base  of  one  of  the  columns 
of  the  South  Approach  to  the  same  bridge.  As  seen  from  the  illustration, 
the  view  was  taken  during  construction. 

In  Fig.  23e  is  given  the  detail  of  the  expansion  pocket  for  a  girder  in 
one  of  the  approaches  to  the  O.-W.  R.  R.  &  N.  Co.'s  bridge  over  the 
Willamette  River  at  Portland,  Ore. 
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Notwithstanding  the  popular  opinion  that  elevated  railroads  are  an 
offense  to  the  eye,  an  annoyance  to  the  ear,  and  a  general  nuisance  in 
every  sense,  it  must  be  admitted  that  they  are  a  necessary  evil,  for  residents 
of  cities  simply  must  have  some  means  of  rapid  transit  between  their 
homes  and  their  places  of  business.  The  only  alternative  method  of  se- 
curing it  is  by  subways,  and  these  are  objectionable  for  several  reasons: 
They  are  far  more  expensive  in  first  cost,  the  ventilation  in  them  invariably 
is  bad,  and  people,  as  a  rule,  object  to  going  under  ground  in  advance  of 
the  time  when  it  becomes  absolutely  necessary.  It  is  easy  enough  to 
point  out  the  objectionable  features  of  elevated  railroads,  but  it  is  ex- 
ceedingly difficult  to  remedy  them.  To  beautify  them,  or  even  to  render 
them  not  displeasing  to  one's  artistic  taste,  is  about  as  feasible  as  the 
proverbial  difficulty  of  making  a  silk  purse  out  of  a  sow's  ear.  As  for 
deadening  the  noise  from  passing  trains — that  has  been  tried  a  number 
of  times,  but  not  very  successfully.  If  the  deck  were  planked  over  with 
creosoted  timber,  or.  preferably,  were  covered  with  a  slab  of  reinforced 
concrete,  and  upon  this  were  laid  ballast  to  carry  the  ties,  much  of  the 
noise  would  be  suppressed — as  much  probably  as  it  is  possible  to  prevent; 
but  such  a  floor  would  certainly  be  expensive,  and,  in  the  case  of  the 
planked  floor,  the  percolation  of  dirty  water  through  the  ballast  and 
plank  on  to  the  passers-by  beneath  would  have  to  be  prevented  by  the 
expenditure  of  a  considerable  amount  of  money.  A  ballasted  floor  was 
used  on  some  three  or  four  miles  of  the  Market  Street  Elevated  R.  R. 
of  Philadelphia. 

To  attain  truly  rapid  transit  on  an  elevated  railroad,  there  should  be 
at  least  four  tracks,  and  the  determination  of  the  alignment  should  be 
left  to  the  engineers  and  not  to  the  purchasers  of  the  right-of-way.  The 
line  should  be  as  nearly  absolutely  straight  as  practicable,  and  the  curves 
at  the  turns  should  be  made  as  easy  as  the  conditions  existing  there  will 
permit.  Nearly  all  such  turns  in  the  track  are  of  necessity  very  sharp, 
consequently  passing  around  them  keeps  down  the  speed;  and  if  there 
are  many  turns,  it  is  evident  that  after  leaving  one  of  them  the  velocity 
cannot  be  increased  very  much  before  another  one  is  reached;  hence 
ideally  rapid  transit  under  such  conditions  would  be  an  impossibility. 
To  secure  the  best  results  in  transporting  passengers  quickly,  the  two 
inner  tracks  should  be  used  for  express  trains  only  and  the  two  outer 
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ones  for  local  trains,  i\\o  stations  for  [\\v  express  traffic  being  spaced  about 
a  mile  and  a  half  from  each  other  and  those  for  the  local  traffic  about  a 
quarter  of  a  mile  apart.  The  platforms  at  the  local  stations  should  be 
outside  of  all  the  four  tracks,  and  those  at  the  express  stations  betw(>en 
the  outer  tracks  and  those  adjoining  them,  the  two  inner  tracks  being 
left  straight  and  the  outer  ones  being  curved  around  the  said  platforms. 
Piissengers  should  be  taken  in  at  the  ends  of  the  cars  and  discharged  from 
the  middle.  Incoming  and  outgoing  passengers  should  be  kept  separate 
at  the  stations.  It  is  best  not  to  let  the  latter  pass  through  the  station 
building  at  all,  but  make  them  descend  to  the  street  by  exit  stairways 
tlirough  turnstiles. 

Elevators  and  escalators  at  the  stations  where  the  traffic  is  most  dense 
not  only  tend  to  hasten  travel  but  also  to  reduce  the  effort  of  the  passenger 
in  reaching  his  train.  Unfortunately,  though,  they  are  expensive  in  both 
first  cost  and  operation,  especially  the  elevators,  which  have  to  be  oper- 
ated by  attendants.  As  the  escalators  move  continuous!}^,  no  attendant 
is  needed;   but  the  power  required  for  operation  is  large. 

If  it  be  impracticable  for  lack  of  funds  or  other  reason  to  build  a  four- 
track  elevated  railroad,  rapid  transit  may  still  be  secured  by  constructing 
a  double-track  elevated  with  a  double-track  surface  line  directly  beneath, 
running  the  express  trains  above  with  stations  a  mile  or  two  apart,  and 
transferring  the  passengers  to  the  surface  line.  This  method  is  nearly 
always  feasible,  and  it  is  ideally  economic;  consequently  it  seems  strange 
that  it  has  not  yet  been  adopted. 

In  figuring  on  any  elevated  railroad  project  where  the  line  runs  through 
private  property,  especially  if  the  structure  is  to  have  four  tracks,  one 
should  consider  carefully  the  advisability  of  building  thin  retaining  walls 
of  reinforced  concrete,  tjdng  tlieir  tops  together  at  short  intervals  by 
adjustable  rods  encased  in  a  covering  of  concrete,  and  filling  the  boxed 
spaces  with  earth.  If  the  steel  market  be  high,  this  type  of  construction 
might  cost  less  than  a  steel  elevated  road;  and  if  it  cost  but  little  more,  it 
would  prove  cheaper  in  the  end,  because  of  the  much  smaller  cost  for 
its  maintenance  and  because,  as  far  as  is  known  today,  it  is  imperishable. 

WTien  the  tracks  occupy  city  streets,  the  stations  are  generally  elevated, 
although  they  might  be  located  at  street  level  in  adjacent  buildings  with 
stairways  leading  to  the  platforms.  But  when  the  tracks  occupy  private 
property,  the  proper  place  to  locate  each  station  is  on  the  said  property 
beneath  the  structure  directly  adjacent  to  a  street-crossing. 

About  the  time  the  author  completed  his  work  on  the  Northwestern 
Elevated  Railway  and  the  Union  Loop  Elevated  Railway  of  Chicago,  he 
wrote  for  the  American  Society  of  Civil  Engineers  an  exhaustive  paper 
on  Elevated  Railroads.  It  was  discussed  very  thoroughly  by  a  large 
number  of  the  members;  and  both  the  paper  and  the  discussions  were 
pubUshed  in  the  Transactions  of  the  Society  for  1897.  The  paper  called 
attention  to  the  numerous  defects  in  the  then  existing  elevated  railroads 
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of  the  United  States  and  pointed  out  their  remedies,  referring  to  the  au- 
thor's designs  for  the  Chicago  elevated  roads  as  an  example  of  what  he 
considered  proper  detailing.  Later,  as  consulting  or  advisory  engineer 
to  the  Boston  Elevated  Railroad  Company  he  outhned  the  method  of 
derailing  that  structure.  Several  other  large  elevated  railroads  have  been 
constructed  since  then;  but,  as  far  as  can  be  learned  from  the  technical 
press  and  by  systematic  correspondence  on  the  part  of  the  author  with 
the  engineers  of  these  new  roads,  no  material  improvements  in  the  de- 
signing and  construction  of  elevated  railroads  have  been  effected  since 
the  Chicago  and  Boston  lines  were  built. 

There  was  given  in  Chapter  VIII  of  De  Pontibus  a  compendium  of 
the  before-mentioned  paper  on  elevated  railroads,  and  as  the  author 
has  nothing  further  to  add  to  the  treatment  of  the  subject,  it  is  repro- 
duced herein  as  follows,  a  few  slight  modifications  being  made  in  the 
wording  so  as  to  bring  the  treatment  of  the  subject  up  to  date. 

Live  Loads 

The  proper  live  load  to  assume  in  designing  an  elevated  railroad  is 
tlie  greatest  that  can  ever  come  upon  it,  and  is  determined  by  ascertain- 
ing the  weights  of  engines  and  empty  cars  that  are  adopted  at  the  outset, 
then  computing  how  many  passengers  can  be  crowded  into  the  latter, 
and  assuming  that  the  average  weight  per  passenger  is  one  hundred  and 
forty  pounds.  The  live  loads  for  elevated  railroads,  unlike  those  for  sur- 
face railroads,  do  not  increase  from  time  to  time,  but  remain  constant. 
In  fact,  electric  operation  has  rather  decreased  them,  for  the  weight  on 
the  axles  of  a  motor-car  generally  produces  smaller  bending  moments 
than  that  on  the  axles  of  a  steam  locomotive. 

After  the  distribution  of  the  live  load  on  the  various  axles  of  the  entire 
train  has  been  determined,  it  is  well  to  prepare  a  diagram  of  equivalent 
uniform  loads  and  one  of  total  end  shears  similar  to  those  given  for  the 
standard  live  loads  of  Chapter  VI,  in  order  to  facilitate  the  computing 
of  stresses  and  bending  moments. 

Floor 

The  style  of  floor  in  general  use  on  elevated  railroads  consists  of  tim- 
ber ties  with  four  lines  of  timber  guard-rails,  closed  floors  of  buckled  plate 
or  reinforced  concrete  carrying  timber  ties  in  ballast  being  employed  at 
crossings  of  important  streets  and  boulevards  so  as  to  ]irevent  dirt  and 
moisture  from  falling  upon  people  passing  beneath.  Such  a  closed  floor 
has  been  advocated  for  the  entire  line,  and  certainly  it  would  be  an  improve- 
ment upon  the  open  one;  but  the  increased  expense  involved  is  likely  to 
interfere  seriously  with  its  adoption  for  future  elevated  railroads.  The 
ballast  over  the  buckled  plate  in  tight  floors  is  necessary  to  prevent  noise 
from  passing  trains,  which,  unless  some  effective  sound-deadener  be 
adopted,  would  be  simply  deafening. 
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Economic  Span-Lengths 

With  the  ordinary  live  loads,  for  structures  located  on  private  prop- 
erty the  economic  span-length  is  about  forty  feet,  while  for  structures 
located  in  the  street  it  varies  from  forty-seven  to  fifty-three  feet  accord- 
ing to  the  transverse  distance  betwecni  vertical  axes  of  columns,  the  greater 
the  distance  the  greater  the  economic  span-length.  With  heavier  live 
loads  the  economic  span-lengths  would  be  shorter. 

Four-Column  Versus  Two-Column  Structures 

In  four-track  structures  located  on  private  property  there  is  but  little, 
if  an.v,  difference  in  the  cost  whether  four  columns  or  two  columns  per 
bent  be  employed;  but  preference  is  given  to  the  former  on  account  of 
its  greater  rigidity. 

Braced  Towers  Versus  Solitary  Columns 

In  structures  on  private  property  there  is  quite  a  gain  in  both  rigidity 
and  economy  by  adopting  braced  towers  spaced  about  one  hmidred  and 
fifty  feet  centres. 

Rails 

The  author  prefers  to  adopt  for  elevated  railroads  steel  rails  five 
inches  high  weighing  not  less  than  eighty  pounds  to  the  yard,  so  as  to 
provide  for  the  excessive  wear  caused  by  the  constantly  passing  trains. 

Treated  Versus  Untreated  Timber 

Extended  investigations  have  proved  that  it  pays  well  to  preserve  the 
track  timber,  and  that,  up  to  the  present  time,  by  far  the  best  preserva- 
tive process  is  creosoting. 

Pedestal-Caps 

The  most  satisfactory  and  economical  pedestal-caps  are  of  concrete 
covered  with,  at  least  six  inches  of  first-class  granitoid.  These  have  all 
t  he  advantages  of  cut-stone  blocks,  and  are  generally  cheaper.  The  latter, 
however,  can  be  used  if  there  be  anything  to  be  gained  thereby,  provided 
that  the  cuality  of  the  stone  be  first  class  in  every  particular. 

Anchorages 

It  is  best  to  anchor  columns  to  pedestals  by  means  of  anchor-bolts, 
either  two  or  four  per  column — according  to  whether  there  is  bending  on 
the  latter  in  one  or  in  two  directions — extending  well  down  into  the  con- 
crete and  well  up  outside  of  the  column,  to  which  they  connect  by  means 
(»f  long  enclosing  plates  and  heavy  washers.  The  boxed  spaces  at  the 
column  feet  should  always  be  filled  with  concrete  to  prevent  the  collection 
of  dirt  and  moisture. 
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Plate  Girders  Versus  Open-Webbed,  Riveted  Girders 

As  far  as  economy  goes,  there  is  no  material  difference  between  plate- 
girder  work  and  open-webbed,  riveted  work;  but  the  former  is  more  sat- 
isfactory in  most  particulars,  the  only  advantage  claimed  for  the  latter 
being  that  it  is  more  sightly.  On  this  account  it  is  preferable  for  structures 
occupying  the  streets,  while  plate-girder  work  is  more  advantageous  for 
those  located  on  private  property. 

Crimping  of  Web-Stiffening  Angles 

Investigation  has  shown  that  it  is  economical  to  crimp  the  interme- 
diate stiffening  angles  and  best  to  use  fillers  beneath  the  end  stiffeners. 

Sections  for  Columns 

The  best  section  for  columns  located  in  the  street  is  one  composed  of 
two  channels  with  their  flanges  turned  inward  and  an  I-beam  riveted  be- 
tween them,  the  flanges  of  the  former  being  held  in  place  by  interior 
stay-plates  spaced  about  three  feet  centres.  The  main  object  in  turning 
the  flanges  inward  is  to  enable  the  column  better  to  resist  impact  from 
heavily  loaded  vehicles.  The  most  satisfactory  section  for  columns  lo- 
cated on  private  property  consists  of  four  Z-bars  and  a  web  plate. 

Expansion  Joint 

The  author's  ideal  expansion  pocket,  which  was  described  very  fully 
by  both  text  and  drawings  in  his  paper  on  Elevated  Railroads,  is  repro- 
duced later  in  this  chapter. 

Proper  Distance  between  Expansion  Points 

With  columns  fixed  at  both  top  and  bottom,  the  proper  distance 
between  expansion  points  is  about  one  hundred  and  fifty  feet. 

Superelevation  on  Curves 

Superelevation  of  the  outer  rail  can  be  obtained  by  varying  the  heights 
of  the  stringers,  by  putting  a  wooden  shim  on  the  outer  stringer,  by  using 
bevelled  ties,  or  by  spiking  a  shim  to  each  tie.  The  last  two  methods  are 
generally  preferable,  but  the  second  is  not  considered  to  be  good  practice, 
while  the  first  one  would  give  unnecessary  trouble  in  the  shops.  It  will 
generally  suffice  to  employ  only  three  bevels  for  ties,  viz.,  one,  two,  and 
three  inches  in  five  feet.  Such  bevels  will  not,  it  is  true,  afford  the  theo- 
retical superelevation  required  for  the  maximum  speed  on  sharp  curves; 
but  it  must  be  remembered  that  it  is  difficult  to  maintain  high  speed 
there,  hence  the  compromise  between  theory  and  practice. 
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Faults  in  Existing  Elevated  Railroads 

In  concluding  his  bofore-nKnitionod  paper,  the  author  made  a  list  of 
the  principal  faulty  tletails  in  existing  elevated  railroads,  thereby  provok- 
ing much  animated  discussion;  and,  as  the  subject  is  one  of  great  im- 
portance to  the  designer  of  future  similar  structures,  that  portion  of  the 
paper  which  includes  this  list  will  be  reproduced  here  nearly  verbatim. 

I.  Insufficiency  of  Rivets  for  Connecting  Diagonals  to  Chords 

OF  Open-Webbed,  Riveted  Girders 

This  defect  is  more  noticeable  in  old  structures  than  in  later  ones, 
especially  as  the  tendencj^  nowadays  is  very  properly  to  substitute  plate- 
girder  for  open-webbed  construction.  In  many  of  the  older  elevated 
roads  there  is  no  connecting  plate  between  the  diagonal  and  the  chord, 
but  one  leg  of  each  of  the  angles  in  the  diagonal  is  riveted  directly  to 
the  vertical  legs  of  the  chord  angles.  This  detail  involves  the  use  of 
either  two  or  four  rivets  to  the  connection,  which  is  evidently  very  bad 
designing,  as  there  should  be  more  rivets  employed,  even  if  the  diagonal 
stresses  do  not  call  for  more  on  purely  theoretical  considerations.  Where 
the  theoretical  number  of  rivets  is  very  small,  additional  rivets  should  be 
used  for  two  reasons,  viz.,  first,  one  or  more  of  the  rivets  are  liable  to  be 
loose,  and,  second,  there  is  nearly  always  a  torsional  moment  on  each 
group  of  rivets,  owing  to  eccentric  connection. 

II.  Failure  to  Intersect  Diagonals  and  Chords  of  Open-Webbed 

Girders  on  Gravity  Lines 

It  is  very  seldom  indeed  that  the  designer  even  attempts  to  intersect 
at  a  single  point  all  of  the  gravity  lines  of  members  assembling  at  an 
apex.  The  failure  to  do  so  involves  large  secondary  stresses,  especially 
in  the  heavier  members.  By  using  connecting  plates,  it  is  always  prac- 
ticable to  obtain  a  proper  intersection;  and  it  is  better  to  do  this  than 
to  try  to  compensate  for  the  eccentricity  by  the  use  of  extra  metal  for 
the  main  members. 

III.  Failure  to  Connect  Web  Angles  to  Chords  by  Both  Legs 

Some  standard  bridge  specifications  stipulate  that  in  case  only  one  leg 
of  an  angle  be  connected,  that  leg  only  shall  be  counted  as  acting,  although 
this  stipulation  is  generally  ignored  by  the  designer  working  under  such 
specifications.  It  is  seldom,  indeed,  that  both  legs  are  connected.  In 
order  to  settle  the  question  of  the  necessity  for  this  requirement,  the 
author  made,  in  connection  with  his  Northwestern  Elevated  work,  a  series 
of  tests  to  destruction  of  full-sized  members  of  open-webbed  girders,  at- 
tached in  the  testing  machine  as  nearly  as  practicable  in  the  same  way 
as  they  would  be  connected  in  the  structure.     It  was  intended  to  settle 


554  BRIDGE   ENGINEERING  Chapter  XXIV 

by  these  tests  the  following  points:  first,  the  effect  of  connecting  by  one 
leg  only;  second,  the  effect  of  eccentric  connection;  and,  third,  the  ulti- 
mate strength  of  star  struts  with  fixed  ends,  each  of  these  struts  being 
formed  of  two  angles.  The  principal  deduction  to  be  made  from  the 
tests  is  that  an  equal-legged  angle  riveted  by  one  leg  only  will  develop 
about  75  per  cent  of  the  strength  of  the  entire  net  section,  while  a  6"  X  33^" 
angle  riveted  through  the  longer  leg  will  develop  about  90  per  cent.  It  is, 
therefore,  more  economical  for  short  diagonals  to  use  unequal-legged  an- 
gles connected  by  the  longer  leg  than  to  employ  supplementary^  angles 
to  try  to  develop  the  full  strength  of  the  piece.  In  fact,  the  experiments 
made  up  to  date  indicate  that  these  supplementary  angles  will  not 
essentially  strengthen  the  diagonal.  These  tests  showed  also  that  the 
star  struts  mentioned  do  not  develop  as  much  strength  as  one  would  sup-- 
pose,  and,  therefore,  that  they  cannot  be  recommended  for  the  construc- 
tion of  steel  structures.  Later  experiments  on  single  angles  and  two  angles 
riveted  together  back  to  back,  connected  by  riveting  to  an  exterior  plate, 
developed  only  fifty  per  cent,  or  even  less,  of  the  theoretical  strength  b}' 
the  column  formula,  when  tested  in  compression.  The  specifications  of 
Chapter  LXXVIII  cover  this  feature  of  proportioning  such  struts. 

IV.     Failure  to  Proportion  Top  Chords  of  Open-Webbed,  Longi- 
tudinal Girders  to  Resist  Bending  from  Wheel-Loads  in 
Addition  to  Their  Direct  Compressive  Stresses 

This  neglect  is  common  enough  in  the  older  structures,  and  the  fault 
is  a  serious  one,  although  the  stiffness  of  the  track  rails  and  the  flexibility 
of  the  ties  tend  to  distribute  the  load  and  thus  to  reduce  the  bending. 

V.     Insufficient  Bracing  on  Curves 

Too  often  in  the  older  structures  the  curved  portions  of  the  line  are 
no  better  braced  than  are  the  straight  portions.  A  substantial  system 
of  lateral  bracing  on  curves  extending  over  the  entire  width  of  the  struc- 
ture and  carried  well  into  the  tops  of  the  columns  adds  greatly  to  the 
rigidity  of  the  construction  and,  consequently,  to  the  life  of  the  metal- 
work. 

VI.     Insufficient  Bracing  between  Adjacent  Longitudinal 

Girders 

The  function  of  the  bracing  between  longitudinal  girders  is  an  im- 
portant one,  for  it  is  the  first  part  of  the  metalwork  to  resist  the  swaj'^ 
of  trains.  Not  only  should  the  top  flanges  of  adjacent  girders  be  con- 
nected by  rigid  lateral  bracing,  but  the  bottom  flanges  should  be  stayed 
by  occasional  cross-bracing  frames,  one  of  the  latter  being  invariably 
used  at  each  expansion  end  of  each  track.     The  bracing  frames  between 
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tlie  girders  of  adjacent  tracks,  if  any  be  used  there,  should  have  no  diag- 
onals; for  these  would  transfer  some  of  the  live  load  from  one  pair  of 
girders  to  the  other  and  would  not  only  overstress  some  of  the  metal  when 
one  track  only  is  loaded  but  also  would  induce  torsional  stresses  on  the 
unloaded  pair  of  girders. 

\  II.       PlN-CoNNECTED,    PoNY-TrUSS    SpANS    AND    PlATE    GiRDERS    WITH 

Unstiffened  Top  Flanges 

These  defective  constructions  are  noticeable  in  some  of  the  older  lines, 
but,  fortimately,  not  often  in  the  newer.  What  the  ultimate  resistance 
of  the  pony-truss  structure  is  no  man  can  tell  without  testing  it  to  de- 
struction; but,  in  the  opinion  of  most  engineers,  it  is  much  less  than  it 
is  assumed  to  be  by  those  designing  pony-truss  bridges. 

VIII.     Excess  of  Expansion  Joints 

Too  many  expansion  joints  in  an  elevated  railroad  are  nearly  as  bad 
as  too  few.  In  the  former  case  the  metal  is  overstressed  by  the  vibra- 
tion induced  by  the  lack  of  rigidity,  while  in  the  latter  case  it  is  over- 
stressed  by  extreme  variations  of  temperature.  There  are  elevated  roads 
in  existence  with  expansion  joints  at  every  other  bent,  and  there  is  at 
least  one  wth  them  at  every  bent.  For  long  spans  expansion  should 
generally  be  provided  at  every  third  bent,  and  for  short  spans  at  every 
fourth  bent. 

IX.  Resting    Longitudinal    Girders    on    Top    of    Cross-Girders 

without  Riveting  Them  Effectively  Thereto 

This  is  by  no  means  an  uncommon  detail,  especially  in  the  older  struc- 
tures. It  is  conducive  to  vibration,  and  its  only  advantages  are  ease  of 
erection  and  a  cheapening  of  the  work  by  avoiding  field-riveting. 

X.  Cross-Girders  Subjected  to  Horizontal  Bending  by  Thrust 

OF  Trains 

The  resistance  that  can  be  offered  by  a  cross-girder  to  horizontal  bend- 
ing is  very  small;  nevertheless,  cross-girders  are  rarely  protected  from  the 
bending  effects  of  thrust  of  trains.  What  saves  them  from  failure  is  the 
fact  that  the  continuity  of  the  track  tends  to  distribute  the  thrust  over 
a  number  of  bents.  However,  it  is  not  legitimate  to  depend  on  this,  for, 
especially  on  sharp  curves,  the  tendency  is  to  carry  the  thrust  into  the 
ground  as  directly  as  possible.  In  the  author's  opinion,  the  only  proper 
w&y  to  provide  for  this  thrust  is  to  assume  that  20  per  cent  of  the  greatest 
Uve  load  between  two  adjacent  expansion  points  will  act  as  a  horizontal 
thrust  upon  the  columns  between  these  two  expansion  points;  and  to 
proportion  all  parts  of  the  metal-work  to  resist  this  thrust  properly.     By 
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running  a  strut  from  the  top  of  each  post  diagonally  to  the  longitudinal 
girder  at  a  panel-point  of  its  sway-bracing,  the  horizontal  thrust  is  carried 
directly  to  the  post,  and  a  horizontal  bending  moment  on  the  cross-girder 
is  thus  prevented.  Such  construction  should  invariably  be  used  where 
the  conditions  require  it. 

XI.     Cutting  Off  Columns   below  the  Bottoms  of  Cross-Girders 
AND  Resting  the  Latter  Thereon 

This  style  of  construction,  which  until  the  early  nineties  was  almost 
universal,  is  extremely  faulty  in  that  there  is  no  rigidity  in  the  connec- 
tion and  that  the  column  is  thus  made  more  or  less  free-ended  at  the  top. 
It  has  been  said  that  no  harm  is  done  to  the  column  by  making  it  free- 
ended,  as  it  can  then  spring  better  when  the  thrust  is  applied.  Unfor- 
tunately, this  reasoning  is  fallacious,  because  the  few  unlucky  rivets 
which  connect  the  bottom  of  the  cross-girder  to  the  top  of  the  column 
tend  to  produce  a  fixed  end,  and  are,  in  consequence,  racked  excessively 
by  the  thrust  of  the  train.  In  all  cases  the  column  should  extend  to  the 
top  of  the  cross-girder,  and  should  be  riveted  to  it  in  the  most  effective 
manner  practicable. 

XII.     Paltry  Brackets  Connecting  Cross-Girders  to 

Columns 

Brackets  are  often  seen  composed  of  a  couple  of  little  angles  attached 
at  their  ends  by  two  or  three  rivets.  Such  brackets  are  merely  an  aggra- 
vation, and  are  sure  to  work  loose  sooner  or  later.  Although  it  is  im- 
practical )le  to  compute  the  stresses  in  this  detail,  good  judgment  will 
dictate  the  use  of  solid-webbed  brackets  riveted  rigidly  to  both  cross- 
girder  and  column  so  as  to  stiffen  the  latter  and  check  the  transverse 
vibration  from  passing  trains. 

XIII.     Proportioning  Columns  for  Direct  Live  and  Dead   Loads 

AND  Ignoring  the  Effects  of  Bending  Caused  by  Thrust 

of  Trains  and  Lateral  Vibration 

The  practical  effects  of  this  fault  can  be  seen  to  best  advantage  by 
standing  on  one  of  the  high  platforms  of  one  of  the  elevated  railroads  of 
New  York  City.  The  vibration,  by  no  means  small,  from  an  approach- 
ing train  can  be  felt  when  it  is  yet  at  a  great  distance.  Some  may  claim 
that  this  vibration  is  not  injurious;  but  they  are  certainly  wrong,  for 
what  does  it  matter,  so  far  as  the  stress  in  the  column  is  concerned,  whether 
the  deflection  be  caused  by  vibration  or  by  a  statically  applied  transverse 
load,  so  long  as  the  amount  of  the  deflection  is  the  same  in  both  cases? 
It  takes  metal,  and  considerable  of  it,  to  make  columns  strong  enough 
to  resist  bending  properly;  and  a  sufficient  amount  should  be  used  to 
attain  this  end. 


ELEVATED    RAILROADS  557 

XIV.    Omission  of  Diaphragm  Webs  in  Columns  Subjected 

TO  Bending 

If  the  diaphragm  web  be  omitted  in  such  a  column,  rehance  must  be 
placed  on  the  lacing  to  carry  the  horizontal  thrust  from  top  to  bottom. 
But  even  if  the  lacing  figure  is  strong  enough  to  carry  it,  which  is  unusual, 
it  is  wrong  to  assume  it  so,  for  the  reason  that  one  loose  rivet  connecting 
the  lacing-bars  will  prevent  the  whole  system  from  acting,  as  will  also  a 
lacing-bar  that  is  bent  out  of  line.  Decidedly,  every  column  that  acts 
also  as  a  beam  should  have  solid  webs  at  right  angles  to  each  other. 

XV.     Ineffective  Anchorages 

For  the  sake  of  both  rigidity  and  strength,  every  column  ought  to  be 
anchored  so  firmly  to  the  pedestal  that  failure  by  overturning  or  rupture 
would  not  occur  in  the  neighborhood  of  the  foot,  if  the  bent  were  tested 
to  destruction.  The  flimsiness  of  the  ordinary  column-foot  connection  is 
beyond  description. 

XVI.     Column-Feet  Surrounded  by  and  Filled  with  Dirt 
and  Moisture 

The  condition  of  the  average  column-foot  is  simply  deplorable.  This 
is  caused  by  failing  to  raise  it  high  enough  above  the  street  to  prevent  dirt 
from  piling  around  it,  and  by  omitting  to  fill  its  boxed  spaces  with  con- 
crete. When  rusting  at  a  column-foot  is  once  well  started,  it  is  almost 
impossible  to  stop  it  from  eating  up  the  metal  rapidly. 

XVII.     Insufficient  Bases  for  Pedestals 

False  ideas  of  economy  on  the  part  of  the  projectors  and  indifference 
on  the  part  of  some  unscrupulous  contractors  occasionally  cause  the  use 
of  pedestal  bases  altogether  too  small  for  the  loads  that  come  upon  them, 
especially  where  the  bearing  capacity  of  the  soil  is  low.  The  result  is 
sunken  pedestals  and  cracked  metalwork.  In  figuring  this  pressure  on 
the  base  of  the  pedestals,  it  is  not  sufficient  to  recognize  only  the  direct 
live  and  dead  leads,  but  it  is  necessary  also  to  compute  the  additional 
unequal  intensities  of  loading  caused  by  both  longitudinal  and  transverse 
thrusts.     Impact  also  should  be  considered. 

Concerning  the  question  of  the  extent  to  which  the  faults  just  out- 
lined exist  in  the  older  elevated  railroads  of  this  country,  the  author 
would  refer  the  reader  to  the  resume  of  discussions  on  his  paper. 

About  the  most  important  object  to  attain  in  constructing  an  elevated 
railroad  is  to  have  a  perfectly  smooth  and  durable  track;  and  no  trouble 
nor  expense  should  be  spared  to  secure  it.     For  this  reason  the  top  flanges 
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of  the  longitudinal  girders,  if  the  limiting  heights  of  grade  and  clearance 
line  permit,  should  be  several  inches  higher  than  those  of  the  cross-girders, 
the  ties  should  all  be  planed  to  exact  dimensions,  tie-plates  should  be  used 
over  all  ties,  and  the  system  of  bolting  of  flooring  to  structure  should  be 
the  most  effective  possible.  The  longitudinal  girders  should  not  be  made 
continuous,  or  even  semi-continuous,  over  the  cross-girders;  and  when 
blocking  up  is  necessary,  short  buckled  plates  should  be  placed  over  the 
latter  so  as  to  provide  a  continuous  surface  for  the  ties.  Hook  bolts 
should  be  used  for  attaching  the  timber  to  the  metalwork  through  each 
alternate  tie,  the  other  ties  being  bolted  to  the  inner  guard-rails. 

The  ties  should  be  spaced  with  openings  not  greater  than  six  inches, 
their  section  for  a  five-foot  stringer  spacing  being  6"  X  8"  laid  on  flat; 
but  where  cross-covers  are  employed,  the  depth  should  be  properly  in- 
creased to  withstand  the  bending  moment  due  to  the  greatest  load  from 
the  wheels. 

The  least  allowable  overhead  clearance  for  most  cities  is  fourteen  feet; 
but  there  are  sometimes  special  crossings  requiring  a  greater  height.  The 
width  of  right-of-way  beyond  the  centre  line  of  the  outer  track  should 
not  be  less  than  seven  feet. 

The  proper  depths  of  longitudinal  girders  are  to  be  determined  very 
carefully.  For  the  sake  of  appearance  it  is  generally  not  well  to  use 
more  than  one  depth,  but  such  an  arrangement  cannot  always  obtain. 
The  general  depth  should,  if  possible,  be  the  economic  one  for  the  average 
span-length.  For  plate-girder  spans  it  is  about  one-tenth  of  the  length, 
while  for  open-webbed,  riveted  spans,  it  is  much  greater — so  much  greater, 
in  fact,  that  for  deck  spans  the  economic  depth  cannot  be  adopted,  be- 
cause of  the  raising  of  the  grade  which  would  be  caused  thereby. 

Before  the  designing  of  the  metalwork  for  an  elevated  railroad  is 
started  there  are  certain  important  matters  wliich  should  be  fully  deter- 
mined, viz.,  the  dimensions  and  weights  of  rolling  stock,  sizes  and  number 
of  trains,  method  of  traction  and  the  proper  track  to  suit  the  same,  thti 
locations  of  all  stations  and  their  leading  dimensions,  the  storage  capacity 
for  the  terminals,  the  capacity  of  the  repair-shops,  and  the  method  of 
operating  the  road.  Unless  all  these  questions  be  settled  conclusively 
at  the  outset  and  before  the  designing  is  begun,  trouble  is  sure  to  ensue 
because  of  changes  that  will  have  to  be  made  from  time  to  time  during 
the  course  of  both  design  and  construction. 

The  faulty  details  criticized  in  the  preceding  extract  from  De  Ponti- 
hus  have  been  corrected  in  the  latest  elevated  railroads,  although  the 
struts  from  longitudinal  girders  to  distant  columns  have  s©metimes  been 
omitted — to  the  evident  detriment  of  the  structure  as  far  as  rigidity  is 
concerned. 

Mr.  William  Barclay  Parsons,  in  designing  the  West  Side  Viaduct 
extension  of  the  New  York  subway,  evolved  a  new  type  of  column.  It 
consists  of  four  bulb  angles,  rolled  especially  for  the  subway  construction, 
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with  a  single  wob-plato,  which  web-plate  is  omitted  in  the  upper  part  of 
the  column.  The  web-plate  of  the  cross-girder  extends  downward  from 
the  bottom  flanges  thereof,  and  is  of  the  same  thickness  as  the  web-plate 
of  the  column.  This  jirojecting  web  is  dropped  down  between  the  buU) 
angles  of  the  columns  and  is  riveted  thereto.  The  section  of  the  column 
is  economic,  and  the  connection  is  a  good  one,  although  somewhat  more 
difficult,  jxThaps,  to  make  in  the  field  tb.an  the  ordinary  attachment  of 
cross-girder  to  column.  The  rivets  were  arranged  for  driving  by  power 
machines  in  the  field,  and  their  number  was  smaller  than  those  for  the 
usual  type  of  connection. 

With  possibly  the  exception  of  a  few  modifications  of  minor  importance 
in  the  deck,  as  far  as  the  author  can  learn,  this  is  the  only  detail  of  ele- 
vated railroad  designing  which  is  in  the  nature  of  an  improvement  over 
those  adopted  in  the  building  of  the  before-mentioned  elevated  railroads 
in  Chicago  and  Boston. 

There  is  a  detail  in  the  Boston  Elevated  Railroad  that,  when  adopted, 
was  assumed  to  be  an  improvement  on  the  Chicago  construction;  but  the 
author  does  not  agree  with  the  assumption.  It  consists  in  inserting  be- 
tween the  top  of  the  concrete  pedestal  and  the  steel  column-foot  a  heavy 
cast  block  to  distribute  the  pressure,  the  anchor-bolts  passing  idly  through 
it  and  taking  hold  of  the  sides  of  the  column.  There  is  no  need  of  inter- 
posing an3i:hing  between  the  concrete  and  the  steel  foot,  if  the  latter  be 
properly  spread  by  adequate  stiffening;  and  it  is  always  difficult  to  en- 
sure sufficiently  perfect  contact  between  the  squared  end  of  a  strut  and 
a  casting.  It  takes  more  metal  and  more  workmanship  thereon  to  put 
in  the  casting  than  to  finish  the  foot  as  suggested,  and  the  actual  result 
obtained  is  inferior  because  of  the  loose  block  between  the  column  and 
its  bearing.  Moreover,  it  adds  unnecessarily  to  the  length  of  the  anchor- 
bolts.  In  short,  there  does  not  appear  to  be  any  good  reason  whatsoever 
for  adopting  such  a  detail,  unless  the  required  bearing  area  at  the  column 
base  be  unusually  large. 

The  weights  of  metal  used  per  lineal  foot  of  single  track,  according  to 
the  author's  practice  in  1893,  were  approximately  as  follows: 

With  pedestals  directly  under  tracks  and  with  longitudinal  bracing, 
400  lbs. 

With  pedestals  directly  under  tracks  and  without  longitudinal  bracing, 
450  lbs. 

With  columns  straddling  a  double-track  street  railway  and  no  longi- 
tudinal bracing,  500  lbs. 

With  columns  on  curb  lines  and  straddfing  a  40-ft.  street  and  without 
longitudinal  bracing,  600  lbs. 

The  live  load  corresponding  to  the  preceding  weights  varied  from 
2,000  lbs.  per  lineal  foot  of  track  for  a  length  of  30  ft.  to  1,160  lbs.  for 
a  length  of  190  ft. 

Curiously  enough,  the  specifications  employed  in  designing  the  Chicago 
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elevated  railroads  more  than  two  decades  ago,  although  impact  was  not 
then  considered,  give  almost  identical  proportions  for  members  as  those 
that  would  be  obtained  by  using  the  specifications  of  Chapter  LXXVIII 
and  the  impact  for  electric  railway  bridges  given  in  Fig.  Id. 

On  page  269  of  Kunz's  "Design  of  Steel  Bridges"  the  weight  of  metal- 
work  in  elevated  railroads  carrying  light  (passenger)  traffic  is  stated  to 
be  about  500  lbs.  per  lineal  foot  per  track,  and  that  for  standard  rail- 
roads about  2,000  lbs.  for  double-track  and  3,000  lbs.  for  four-track  struc- 
tures.    These  figures  are  based  on  a  wooden  tie  flooring;  and  it  is  stated 
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HALF  PLAN. 
Fig.  24a.     Plan,  Elevation,  and  Cross-section  for  a  Four-column  Elevated  Railroad. 


that,  if  steel  flooring  and  ballast  are  used,  about  fifty  per  cent  should 
be  added  thereto. 

The  author  is  inclined  to  doubt  the  correctness  of  this  last  statement; 
for  if  it  will  apply  to  a  light  passenger  elevated  railway  it  will  not  to  a 
standard  steam  railway,  as  the  weight  of  the  buckled  plate  or  trough 
floor  is  about  the  same  in  the  two  cases,  as  is  also  the  amount  of  ballast. 
If  a  ballasted  floor  is  to  be  employed,  it  would  be  better  and  cheaper 
to  support  it  on  a  slab  of  reinforced  concrete. 

The  characteristic  detailing  for  elevated  railroads  as  given  in  the 
author's  before-mentioned  paper  on  that  subject  is  herewith  reproduced. 
Had  any  material  improvement  been  effected  in  their  designing  during  the 
last  two  decades,  the  old  drawings  would  have  been  discarded  and  new 
ones  would  have  been  prepared. 

Fig.  24a  shows  a  cross-section,  side  elevation,  and  plan  for  a  four- 
column  structure  erected  on  private  right-of-way.  It  is  the  best  and 
most  economic  type  that  can  be  used.  Fig.  246  shows  an  enlarged  half 
elevation  of  a  tower.  A  possible  imjirovement  in  the  detailing  might 
have  been  effected  by  making  the  upper  corner  bracket  comiect  to  the 
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shallow  longitudinal  girder;  but  the  dctailcr  evidently  considered  that 
the  end  of  the  deep  longitudinal  girder  stiffened  the  connection  effectively 
for  carrying  the  horizontal  component  of  the  diagonal  stress  into  the 
shallow  girder. 

Fig.  24c  gives  a  cross-section  of  the  floor  adopted  on  the  two  Chicago 
elevated  railroads. 

Cover  PI.  M'i.  12'x  iV 
5"x  3l30\«- 
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Fig.  246.     Half  Elevation  of  Tower  for  Elevated  Railroads. 


Fig.  24d  gives  a  detail  for  a  column-foot  and  a  pedestal  with  the  con- 
nection between  them.  This  type  of  detail,  which  makes  the  column  and 
pedestal  act  as  one  continuous  whole  with  no  tendency  under  any  possible 
circumstances  to  part  at  the  joint,  was  first  employed  by  the  author  in 
1891  when  designing  the  columns  and  pedestals  of  a  train-shed  at  Sioux 
City,  Iowa. 
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Fig.  24e  gives  a  cross-section  and  a  horizontal  section  of  the  elevated  I 

structure  just  below  the  deck  at  a  fixed  end;   and  Fig.  24/  illustrates  the  i 

same  views  at  an  expansion  end.  \ 

Figs.  24gr  and  24/i  show  on  a  larger  scale  the  expansion  pocket  at  the  i 


Fig.  24c.     Cross-section  of  Floor  for  the  Northwestern  Elovated  Railway  and  Union 
Loop  Elevated  Railway  in  Cliicago. 

sliding  ends  of  the  longitudinal  girders.  The  method  of  figm-ing  the  rivets 
for  the  eccentric  connection  of  the  said  pocket  to  the  column  is  explained 
fully  in  Chapter  XVI. 

For  further  information  as  to  elevated  railroads   the  reader  is  re- 
ferred to  the  before-mentioned  paper  in  the  Transactions  of  the  American 
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Fig.  24t/.     Detail  of  Column  Foot  and  Pedestal  for  Elevated  Railroads. 


Society  of  Civil  Engineers  for  1897,  and  to   Chapter  XIII   of   Kunz's 
"Design  of  Steel  Bridges." 

Since  the  preceding  was  written  there  has  appeared  in  Engineenn.g 
News  of  May  20,  1915,  an  excellent  article  ])y  Maurice  E.  driest,  Esq., 
C.E.,  Assistant  Designing  Engineer  of  the  Public  Service  Commission 
of  New  York  City,  entitled  "Design  of  Steel  Elevated  Railways,  New 
York  Rapid  Transit  System,"  and  describing  the  lines  now  being  built, 
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most  of  the  designing  work  on  wliicli  was  done  under  his  immediate 
supervision. 

This  is  tlie  latest  and  best  type  of  construction  for  elevated  railways, 
although  it  does  not  contain  many  improvements  upon  the  Chicago  ele- 
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Fig.  24e.     Details  at  Upper  Part  of  Column  with  Fixed  Girders  for  Elevated  Railroads. 


vated  railroad  work  herein  described.  There  is  one  detail  that  is  certainly 
an  improvement,  viz.,  the  insertion  of  a  half-round  sliding  bearing  in  the 
(Expansion  pocket  instead  of  the  thick  plate  used  formerly.  It  permits 
the  girder  to  deflect  under  load  without  any  tendency  to  shift  the  point 
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of  application  of  the  end  reaction.  The  connection  of  longitudinal  girders 
to  topvS  of  columns  located  on  curb  by  means  of  deep,  stiff  struts,  as  in- 
augurated by  the  author  for  the  Chicago  structures,  has  very  properly 
been  adopted. 

There  are  several  points  of  general  interest  in  Mr.  Griest's  paper 
well  worthy  of  noting.     One  of  them  is  that  the  ratio  of  total  cost  of 
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line  for  open  floor  and  solid  floor  is  as  one  is  to  one  and  six-tenths.  This 
is  certainly  a  great  difference,  and  shows  conclusively  that  it  is  better  to 
use  the  open-floor  construction  wherever  the  conditions  will  i)ermit.  Mr. 
Griest  shows,  as  did  the  author,  that  there  is  considerable  advantage 
in  placing  the  columns  in  the  same  longitudinal  vertical  plane  as  the 
outer  longitudinal  girders  and  inserting  corner  brackets  beneath  them  so 
as  to  obtain  additional  rigidity. 
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Mr.  Griest's  structures  all  carry  tlu-co  tracks,  while  those  of  the  au- 
thor have  either  two  or  four;  hence  it  is  difficult  to  give  a  proper  com- 
parison of  weights  of  metal.  Again,  the  recorded  weight  of  metal,  2,250 
lbs.  per  lineal  foot  of  structure,  includes  the  steel  in  the  stations.  A  fair 
allowance  for  this  would  be  200  lbs.  per  lineal  foot,  leaving  2,050  lbs.  per 


Fig.  24g.     Details  of  Expansion  Pocket  for  Elevated  Railroads. 
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lineal  foot  for  the  structure  proper,  or  683  lbs.  for  each  track.  As  nearlj^ 
as  his  records  show,  a  three-track  structure  in  Chicago  with  columns  on 
curbs  would  have  required  about  1,500  pounds  of  metal  per  lineal  foot 


Fig.  24/j.     Details  of  Expansion  Pocket  for  Elevated  Railroads. 

of  span,  or  500  lbs.  per  track.  The  ratio  of  live  loads  in  the  two  cases 
for  a  50-ft.  span  is  about  1.6,  and  that  of  total  loads  about  1.5.  This 
increase  would  add  not  more  than  twenty-five  per  cent  to  the  author's 
weight  of  metal,  making  it  750  lbs.  per  lineal  foot  for  like  loading  as 
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against  683  lbs.  This  is  a  fairly  close  chock  for  such  necessarily  rough 
figuring,  and  shows  that  Mr.  Griest's  designing  was  economically  done. 

Another  variation  in  detailing  is  the  increasing  of  the  relative  height 
of  the  longitudinal  girders  so  as  to  let  their  top  flanges  pass  half-way  over 
the  cross-girders.  This  practice  was  established  on  the  South  Side 
Elevated  Railway  of  Chicag'o  some  years  ago  by  C.  V.  Weston,  Esq., 
C.E.  (later  the  president  of  that  company),  who  was  associated  with 
the  author  in  the  fieldwork  of  his  Chicago  elevated  railways.  It  is 
somewhat  of  an  improvement  upon  the  old  method  of  dropping  the  tops 
of  the  longitudinal  girders  below  the  upper  flanges  of  the  cross-girders; 
Init  there  never  was  any  serious  objection  to  the  latter  arrangement. 

]\Ir.  Griest  gives  a  diagram  showing  that  for  structures  located  in 
the  street  the  economic  span-length  is  fifty  feet,  but  that  for  lengths  from 
forty-five  feet  to  fifty-five  feet  there  is  not  much  difference  in  the  cost. 
This  agrees  exactly  with  the  author's  investigation  made  some  twenty 
years  ago;  for  in  his  paper  on  "Elevated  Railroads"  he  stated  that  "The 
investigation  showed  that  for  plate-girder  construction  through  private 
property  the  economic  span- length  was  about  forty  feet,  while  for  similar 
construction  in  the  street  it  varies  from  forty-seven  to  fifty  feet,  or  even 
three  or  four  feet  more  in  case  of  cross-girders  spanning  wide  streets 
from  curb  to  curb." 

Mr.  Griest  adopted  for  his  columns  the  same  section  that  the  author 
used  on  the  Union  Loop  Elevated,  viz.,  two  fifteen-inch  charmels  with 
their  flanges  turned  inward,  separated  by  a  fifteen-inch  I-beam;  but  find- 
ing that  the  latter  were  sometimes  slightly  warped  and  that  the  columns 
built  with  the  defective  sections  were  in  wind,  he  decided  to  replace  them 
by  built  I-beams.  As  these  weigh  more  and  cost  more  per  pound  than 
the  rolled  sections,  the  change  is  not  in  the  line  of  economy.  If  the  final 
rolling  of  the  section  be  done  with  proper  care,  it  will  be  true  to  shape. 
No  trouble  of  this  kind  was  experienced  on  the  Chicago  elevated  railroads 
before  mentioned. 
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Cantilever  bridges  are  a  type  of  structure  eminently  suitable  for 
certain  conditions,  but  they  should  never  be  adopted  unless  those  con- 
ditions exist,  because  they  are  inferior  in  rigidity  to  simple  truss  bridges 
and  usually  require  more  metal  for  their  construction.  Generally  speaking, 
they  are  appropriate  only  for  long  spans,  although  there  is  one  case  of 
short-span  structure  where  this  type  may  be  used  to  advantage,  viz.,  in 
crossing  railroad  tracks  with  deck  plate-girder  spans  when  the  distance 
from  clearance  to  grade  near  the  middle  must  be  made  a  minimum  and  a 
smaller  clear  headway  is  permissible  near  the  ends. 

The  conditions  which  generally  call  for  cantilever  construction  are 
deep  gorges  to  be  crossed  by  single  spans,  and  the  impracticability  of  using 
falsework  because  of  danger  from  washout.  For  some  years  there  was 
a  slight  tendency  in  American  cities  to  build  cantilever  bridges  because 
of  their  novelty  and,  possibly,  because  the  city  fathers  were  inveigled 
into  adopting  them  by  smooth-tongued  bridge  agents. 

If  there  be  assumed  a  river  crossing  of  very  great  length,  in  which 
the  bed  rock  is  approximately  horizontal  and  where  the  conditions  af- 
fecting erection  are  not  unusually  dangerous,  there  is  no  possible  layout 
for  a  cantilever  bridge  which  will  be  as  inexpensive  as  a  structure  con- 
sisting of  simple  truss  spans  of  equal  length,  provided  that  the  said  length 
be  the  most  economic  one  possible  and  not  greater  than  six  hundred  feet, 
excepting  only  the  highly  improbable  case  of  the  simple  spans  necessitating 
a  width  between  central  planes  of  trusses  materially  greater  than  that 
called  for  by  the  traffic  requirements.  That  this  fact  is  not  generally 
known  is  proved  by  the  occasional  building  of  a  cantilever  bridge  in  a 
place  where  the  conditions  do  not  call  for  one.  For  instance,  there  was 
no  good  reason  whatsoever  for  making  the  great  Poughkeepsie  Bridge 
a  cantilever  structure,  because  by  using  the  same  number  of  piers  and 
making  all  the  spans  simple  and  alike  the  cost  of  the  substructure  would 
not  have  been  at  all  increased,  but  probably  diminished;  while  the  weight 
of  metal  in  the  superstructure  and  towers  would  have  been  lessened  a 
little.  It  is  true  that  there  might  have  been  a  little  increase  in  cost  of 
falsework,  but  as  the  materials  thereof  could  have  been  used  several 
times,  it  would  not  have  been  large;  while,  partially  to  offset  it,  there  is 
the  extra  cost  of  the  adjusting  apparatus  for  the  cantilever  structure  and 
the  greater  cost  of  erection  due  to  delays  in  making  the  central  connections. 
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Moreover,  alternate  simple  spans  could  have  been  erected  without  false- 
work by  the  expedient  first  adopted  by  the  author  for  several  Japanese 
bridges,  which  expedient  will  be  described  subsequently  in  this  chapter. 

The  author  has  never  been  able  to  discover  any  good  reason  for  mak- 
ing the  Thebes  Bridge  over  the  Mississippi  River  of  th(>  cantilever  type. 
It  was  claimed  at  fii'st  to  be  more  economic  of  materials,  but  the  author 
has  good  reason  to  know  that  such  a  claim  is  wrong.  Certainly  a  simple 
span  layout,  such  as  was  submitted  in  the  competition,  would  have  been 
far  more  sightly  and  no  more  expensive. 

If  a  deep,  narrow  gorge  with  rocky  sides  has  to  be  bridged,  the  can- 
tilever construction  will  often  prove  economical  for  two  reasons:  first,  the 
main  piers,  being  small,  are  comparatively  inexpensive;  and,  second,  the 
cost  of  falsework  will  be  greatly  reduced,  only  a  small  amount  thereof 
being  used  for  erecting  the  anchor-arms. 

Again,  if  a  stream  is  to  be  bridged  where  it  is  impossible  to  put  in 
falsework,  or  where  there  would  be  danger  of  its  being  washed  out  in 
case  it  could  be  put  in,  the  cantilever  will  prove  an  economic  design, 
although  for  certain  conditions  the  cantilever-arch  design  described  in 
Chapter  XXVI  may  be  still  more  economical  and  possibly  more  rigid. 
This  last  feature,  however,  will  depend  somewhat  upon  the  character  of 
the  arch  adopted. 

That  a  cantilever  bridge  is  less  rigid  and  deflects  more  vertically  than 
a  simple  span  bridge  no  one  who  has  examined  both  types  of  structure 
under  load  and  who  has  computed  the  vertical  deflections  can  well  deny; 
nevertheless  this  comparative  lack  of  rigidity  is  no  great  detriment  or 
weakness,  and  should  not  be  allowed  to  militate  against  the  building  of 
a  properly  designed  cantilever  bridge  where  the  conditions  call  for  such 
a  structure.  Compared  with  a  suspension  bridge,  a  cantilever  bridge  is 
rigidity  itself.  But,  again,  this  is  no  reason  for  condemning  in  toto  sus- 
pension bridges,  which  have  their  legitimate  place  in  engineering  con- 
struction, viz.,  where  either  an  extremely  long  span  is  necessary  or  where 
a  cheap  highway  bridge  over  a  wide  river  is  required. 

There  is  one  kind  of  steel  structure  in  which  the  cantilever  is  more 
economical  of  metal  than  the  simple  span,  viz.,  roofs  supported  on  steel 
columns,  as  in  train-sheds  and  workshops.  The  reason  for  this  economy 
is  the  shortening  of  the  spans  and  the  ignoring  of  the  effects  of  reversion 
of  stress  when  proportioning  members.  The  latter  is  legitimate  within 
certain  limits  because  of  the  infrequency  or  improbability  of  such  reversion. 

There  is  a  case  of  possible  economy  in  the  cantilever  type  of  con- 
struction in  crossings  which  are  suitable  for  the  simple  span  layout,  to 
which  the  reader's  attention  should  be  called.  It  is  entirely  dependent 
upon  the  specifications  for  the  minimum  perpendicular  distances  between 
central  planes  of  simple  and  cantilever  trusses  and  upon  whether  the  width 
required  for  clear  roadway  has  to  be  increased  because  of  the  great  span- 
lengths  adopted.     The  old-established  practice  has  been  to  make  the 
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minimum  distance  for  simple  spans  one-twentieth  (1/20)  of  the  length  and 
that  for  cantilever-spans  one  twenty-fifth  (1/25)  or  one  twenty-seventh 
(1/27)  thereof;  but  at  present  there  is  a  tendency  to  increase  the  latter  even 
to  or  beyond  the  limit  for  simple  span  bridges.  In  the  Quebec  Bridge 
which  failed  the  ratio  was  about  one  over  twenty-five  (25),  while  in  the 
new  design  it  is  about  one  over  twenty  (20).  In  the  original  study  which 
the  author  made  when  the  bridge  was  first  proposed,  the  span-length  was 
sixteen  hundred  (1,600)  feet  and  the  width  over  piers  seventy-five  (75) 
feet,  making  the  ratio  about  one  over  twenty-one  (21) .  In  the  Forth  Bridge 
the  ratio  is  one  over  fourteen  (14).  There  is  nothing  to  show  that  there  is 
any  truth  in  the  newspaper  statement  that  the  narrowness  of  the  ill-fated 
Quebec  Bridge  had  anything  to  do  with  its  downfall.  The  author  be- 
lieves, though,  that  while  a  limiting  ratio  of  one  over  twenty-five  (25) 
is  suitable  for  a  span  of  seven  hundred  (700)  feet  or  under,  it  should  be 
increased  gradually  for  longer  spans  so  that  for  eighteen  hundred  (1,800) 
feet  it  would  be  one  over  twenty  (20).  He  does  not  consider  that  any 
such  abnormal  width  as  that  employed  for  the  Forth  Bridge  is  warranted 
for  any  conditions  whatever,  provided,  of  course,  that  suitable  founda- 
tions could  be  obtained  for  the  pedestal  piers  were  a  smaller  width  adopted. 

But  to  return  to  the  question  of  that  possible  economy:  let  us  assimie 
that  a  highway  bridge  for  which  the  clear  roadway  must  be  twenty  (20) 
feet  is  to  be  built  over  a  very  wide  river  where  the  economics  indicate 
that  for  simple  spans  a  span-length  of  six  hundred  (600)  feet  is  neces- 
sary, which  length  would  require  a  width  of  thirty  (30)  feet,  while  only 
twenty-three  (23)  feet  are  needed  for  clearance.  If  we  consider  that 
a  width  of  one  twenty-seventh  (1/27)  of  the  span  is  permissible,  we  could 
adopt  a  cantilever  layout  having  main  spans  as  long  as  six  hundred  and 
ninety  (690)  feet,  for  which  the  least  width  is  twenty-five  and  a  half 
(25.5)  feet.  This  layout  would  permit  of  shortening  each  pier  four  and 
a  half  feet;  and  it  is  conceivable  that  the  consequent  saving  in  cost  of 
substructure  would  be  larger  than  the  net  increased  cost  of  superstructure. 

The  following  is  a  statement  of  the  various  stresses  for  which  the 
several  spans  of  any  cantilever  bridge  should  be  figured: 

Stresses  in  Suspended  Span 

First:  Dead-load  Stresses. 

Second:  Live-load  Stresses. 

Third:  Impact-load  Stresses. 

Fourth:  Direct  Wind-load  Stresses. 

Fifth:  Transferred-load  Stresses. 

Sixth:  Erection  Stresses  from  Dead  Load. 

Seventh:  Erection  Stresses  from  Wind  Load. 

Stresses  in  Cantilever-Arms 

First:  Stresses  due  to  Dead  Load  on  Suspended  Span. 

Second:        Stresses  due  to  Live  Load  on  Suspended  Span. 
Thinl ;  Stresses  due  to  Impact  Load  on  Suspended  Span. 


CANTILEVER   BRIDGES 


571 


Fourth : 

Stresses 

I'ifth: 

Stn^sses 

Sixth: 

St  rossos 

So  von  til : 

Stresses 

Eighth: 

Stresses 

Ninth: 

Stresses 

Tenth: 

Stresses 

Elovonth: 

Stresses 

Twelfth: 

Stresses 

(This  lo 


due  to  Wind  Load  on  Suspended  Span. 

due  to  Transferred  I^oad  on  Suspended  Span. 

due  to  Erection  of  Suspinided  Span  and  cau.sed  by  the  Dead  Load. 

due  to  Erection  of  Suspended  Span  and  caused  by  the  Wind  Load. 

due  to  Dead  Load  on  Cantilever-arm. 

due  to  Live  Load  on  Cantilevcr-arni. 

due  to  Impact  Load  on  Cantilever-arm. 

due  to  Wind  Load  on  Cantilever-arm. 

due  to  Transferred  Load  on  Cantilever-arm. 

id  affects  only  the  main  inclined  posts  over  piers.) 


Stresses  in  Anchor-Arms 


First: 

Stresses  due 

Second: 

Stresses  due 

Third; 

Stresses  due 

Fourth : 

Stresses  due 

Fifth: 

Stresses  due 

Sixth: 

Stresses  due 

Seventh : 

Stresses  due 

Eighth: 

Stresses  due 

Ninth: 

Stresses  due 

Tenth: 

Stresses  due 

Eleventh : 

Stresses  due 

TweKth: 

Stresses  due 

Thirteenth 

:  Stresses  due 

Fourteenth  iStresses  due 

Fifteenth : 

Stresses  due 

Sixteenth; 

Stresses  due 

to  Dead  Load  on  Suspended  Span. 

to  Live  Load  on  Suspended  Span. 

to  Impact  Load  on  Suspended  Span. 

to  Wind  Load  on  Suspended  Span. 

to  Transferred  Load  on  Suspended  Span. 

to  Erection  of  Suspended  Span  and  caused  by  the  Dead  Load. 

to  Erection  of  Suspended  Span  and  caused  by  the  Wind  Load. 

to  Dead  Load  on  Cantilever-arm. 

to  Live  Load  on  Cantilever-arm. 

to  Impact  Load  on  Cantilever-arm. 

to  Wind  Load  on  Cantilever-arm. 

to  Dead  Load  on  Anchor-arm. 

to  Live  Load  on  Anchor-arm. 

tc  Impact  Load  on  Anchor-arm. 

to  Wind  Load  on  Anchor-arm. 

to  Transferred  Load  on  Anchor-arm. 


Stresses  in  Main  Central  Spans 
Chord  Stresses 

First:  Stresses  due  to  Dead  Load  from  both  Suspended  Spans  and  Adjacent 

Cantilever-arms . 
Second:        Stresses  due  to  Live  Load  covering  both  Suspended  Spans  and  Adjacent 

Cantilever-arms . 
Third :  Stresses  due  to  Impact  for  the  latter  case. 

Fourth:        Stresses  due  to  Wind  Load  on  both  Suspended  Spans  and  both  Adjacent 

Cantilever-arms. 
Fifth:  Stresses  due  to  Transferred  Load  on  both  Suspended  Spans. 

Sixth:  Stresses  due  to  Dead  Load  on  Main  Central  Span. 

Seventh:      Stres.ses  due  to  Live  Load  on  Main  Central  Span. 
Eighth:        Stresses  due  to  Impact  Load  on  Main  Central  Span. 
Ninth:  Stresses  due  to  Wind  Load  on  Main  Central  Span. 

Tenth:         Stresses  due  to  Transferred  Load  on  Main  Central  Span. 


First: 


Web  Stresses 
Stre.sses  due  to  Dead  Load  on  both  Suspended  Spans  and  both  Cantilever- 


(Those  will  be  zero  for  a  symmetrical  structure.) 
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Second:        Stresses  due  to  Live  Load  on  one  Cantilever-arm  and  the  adjoining  Sus- 
pended Span. 

(This  loading  produces  a  constant  shear  from  end  to  end  of  Main  Central 
Span.) 

Third:  Stresses  due  to  Impact  from  last  load. 

Fourth:        Stresses  due  to  Transferred  Load  on  one  Suspended  Span. 

(This  loading  produces  a  constant  shear  from  end  to  end  of  Main  Central 
Span.) 

Fifth:  Stresses  due  to  Dead  Load  on  Main  Central  Span. 

Sixth:  Stresses  due  to  Live  Load  on  Main  Central  Span. 

Seventh:      Stresses  due  to  Impact  from  last  load. 

For  certain  conditions  some  of  these  stresses  will  not  need  to  be  con- 
sidered, but  in  other  cases  they  will;  consequently  it  is  necessary  to  insert 
them  in  the  lists.  For  instance,  in  the  cantilever-  and  anchor-arms  the 
sixth  and  seventh  items  will  generally  be  found  to  have  no  influence  on 
the  sections  of  members,  but  in  some  cases  they  will,  as  in  long-span 
highway  bridges  with  light  live  loads. 

In  calculating  erection  stresses,  the  weight  of  the  traveler  must  not 
be  forgotten,  as  its  influence  on  such  stresses  is  by  no  means  inconsiderable. 

The  combination  of  the  various  stresses  requires  both  judgment  and 
care,  for  some  loads  may  or  may  not  act  together,  and  some  produce  ten- 
sion while  others  produce  compression  in  the  same  member.  Again,  dis- 
tinction must  be  made  between  groups  of  stresses  with  wind-stresses  and 
those  without,  so  as  to  use  the  different  intensities  of  working  stresses 
given  in  the  specifications  of  Chapter  LXXVIII.  It  would  be  too  tedious 
to  give  here  the  various  combinations  of  stresses  for  each  member  of 
each  span;  but  it  will  suffice  to  say  that  the  computer  will  have  to  find 
for  each  main  member  in  the  entire  bridge  the  greatest  tension  when 
wind-stresses  are  included,  the  greatest  tension  when  they  are  excluded, 
the  greatest  compression  when  they  are  included,  and  the  greatest  com- 
pression when  they  are  excluded,  taking  care  not  to  group  together  any 
stresses  that  cannot  exist  simultaneously. 

The  determination  of  the  proper  live  load  per  lineal  foot  for  any  mem- 
ber of  a  cantilever  is  one  requiring  a  little  care,  the  rule  being  that  for 
the  piece  considered  the  length  of  span  to  be  used  in  applying  the  equiv- 
alent uniform  live-load  diagram  is  the  total  length  of  structure  which 
must  be  covered  by  the  moving  load  in  order  to  obtain  the  greatest  stress 
in  the  said  piece,  excepting  only  the  suspended  span  and  the  main  cen- 
tral span,  for  which  the  live  loads  actually  imposed  are  to  be  treated 
exactly  like  those  of  simple  spans.  Of  course,  the  impact  is  to  be  fig- 
ured for  the  length  of  structure  that  must  be  covered  by  the  live  load 
to  produce  the  greatest  stress  in  the  piece  under  consideration. 

Some  young  engineers  have  an  idea  that  the  finding  of  stresses  in 
cantilever  bridges  is  a  complicated  matter.  On  the  contrary,  it  is  very 
simple,  as  every  stress  can  be  determined  by  the  ordinary  principles  of 
statics  and  very  readily  by  the  use  of  graphics.     Although  the  work  is 


CANTILEVER   BRIDGES 


573 


simple,  it  is  somewhat  long  and  tedious,  as  is  evident  from  the  preceding 

lists  of  stresses.     The  computer  is  advised,  when  finding  the  stresses,  not 

to  try  to  group  the  loadings  any  more  than  they 

are  grouped  in  the  said  lists;  for,  if  he  does,  he  will 

probably  have  to  separate  them  while  making  his 

combinations. 

In  respect  to  combinations  of  stresses  during 
erection,  there  will  be  no  necessity  for  increasing 
the  sections  proportioned  for  other  combinations, 
provided  they  are  as  large  as  those  required  by 
the  said  erection-stress  combinations  with  the 
intensities  given  in  the  specifications  (Chapter 
LXXVIII)  for  combinations  that  include  wind- 
stresses,  viz.,  intensities  thirty  per  cent  higher  than 
those  for  combinations  without  wind-stresses. 

It  is  no  easy  matter  to  give  an  artistic  effect 
to  a  cantilever  bridge;  nevertheless  it  is  generally 
within  the  realm  of  possibility  to  do  so,  although 
it  must  be  confessed  that  most"  of  the  existing 
structures  of  this  type  are  uncompromisingly  ugly. 
If  a  convex  upward  curve  can  be  placed  in  the 
top  chord  of  the  suspended  span,  so  as  to  reverse 
at  the  ends  into  a  concave  upward  curve  on  the 
cantilever  arm,  a  graceful  effect  will  be  obtained; 
but  the  design  generally  will  not  be  economical 
for  erection  on  account  of  the  large  erection- 
stresses  near  the  point  of  suspension.  The  author 
once  made  a  design  on  these  lines  for  a  proposed 
1,500  ft.  span  highway  bridge  to  cross  the  Missis- 
sippi River  at  St.  Louis;  and,  as  the  suspended 
span  would  have  been  erected  on  falsework,  there 
was  no  lack  of  economy  involved.  The  layout 
\\ath  all  the  main  members  dra\vn  true  to  scale  has 
a  very  pleasing  effect,  as  can  be  seen  in  Fig.  25a. 

In  long  spans  like  the  one  last  mentioned  it 
often  becomes  necessary  to  widen  each  cantilever- 
arm  and  each  anchor-arm  uniformly  from  outer 
end  to  main  pier,  so  as  to  obtain  the  requisite 
rigidity  for  resisting  's\'ind-pressure  and  so  as  to 
keep  the  wind-stresses  in  bottom  chords  within 
reasonable  limits.  It  seldom  pays,  however,  to 
l)uil(l  the  trusses  of  these  arms  in  planes  inclined 
to  the  vertical,  principally  because  of  the  com- 
plicated shop  work  involved. 

For    both    aesthetic    and    constructive  reasons 
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it  is  better  to  adopt  a  single  vertical  post  over  each  main  pier  than 
to  use  either  two  posts  close  together  or  to  divide  the  load  between 
two  piers,  as  was  done  in  the  Forth  Bridge.  (This  criticism  refers 
only  to  the  North  and  South  Queensferry  piers;  for  the  two-hundred- 
and-sixty-foot  span  at  the  Inchgarvie  pier  is  an  anchor-span,  as  can 
be  seen  in  Fig.  25A;.)  The  single  post  involves  greater  simplicity 
than  the  double  one,  and  is  therefore  preferable.  When  the  latter 
is  adopted,  the  two  columns  should  either  be  entirely  independent  of  each 
other  or  should  be  connected  by  bracing  that  is  incapable  of  transferring 
any  vertical  load  from  one  column  to  the  other.  When  the  double 
pier  is  used,  there  should  be  no  diagonal  web  members  in  the  span  between 
them,  for  such  members  involve  continuity,  the  absence  of  which  is  sup- 
posed to  be  a  fundamental  characteristic  of  cantilever  construction.  It  is 
the  custom  in  America  not  to  employ  such  web  diagonals  in  cantilever 
bridges;  but  in  Europe,  where  continuous  spans  are  not  objected  to,  they 
are  sometimes  adopted. 

The  author  once  had  occasion  to  design  a  number  of  large  bridges 
for  a  proposed  branch-line  of  the  Nippon  Railway  of  Japan.  The  line, 
which  was  to  be  about  one  hundred  miles  long,  was  to  follow  the  course 
of  the  Akano  River,  a  mountain  torrent  that  rises  from  twenty  to  twenty- 
five  feet  in  two  or  three  hours,  and  attains  in  places  a  depth  of  water  ex- 
ceeding one  hundred  feet  with  a  total  rise  of  sixty  feet.  Of  course,  false- 
work could  be  employed  for  these  bridges  only  to  a  very  limited  extent; 
hence  it  was  necessary  to  resort  to  the  use  of  the  cantilever.  Three  of 
the  eight  structures  were  designed  as  ordinary  cantilevers,  two  as  simple- 
truss  bridges,  and  three  as  cantilevers  during  erection  and  simple  spans 
afterward.  The  last  style  of  bridge  is  very  economical  of  both  metal 
and  money,  and  will  bear  further  investigation  and  extension,  so  as  to  be 
made  applicable  to  crossings  where  the  ordinary  cantilever  bridge  would 
otherwise  be  adopted.     Its  mode  of  construction  is  as  follows: 

At  each  side  of  the  river  there  is  erected  on  falsework  a  simple  span 
having  its  chords  and  certain  of  its  web  members  (for  short  spans  all 
of  them)  stiffened  for  erection  stresses.  Then  over  each  pier  is  built  a 
toggle  consisting  of  horizontal  upper-chord  eye-bars  and  adjustable  ver- 
ticals, by  means  of  which  one-half  of  the  central  span  is  cantilevered  over 
the  stream  to  meet  the  other  half,  after  which  the  toggles  are  removed. 
This  method  of  erection  can  be  understood  by  reference  to  the  diagram 
in  Fig.  256. 

One  of  the  three  cases  mentioned  had  rather  peculiar  conditions,  which 
necessitated  the  adoption  of  another  expedient.  About  mid-stream  there 
is  a  narrow  rocky  island  that  reaches  to  about  the  elevation  of  extreme 
high  water.  Near  the  edges  of  this  island,  as  shown  in  Fig.  25c,  were 
located  two  small  piers,  each  of  which  was  to  support  one  end  of  a  long 
span.  Between  the  end  shoes  was  run  a  temporary  strut,  and  from  each 
pedestal  was  sprung  a  temporary  post  to  support  the  temporary  top- 
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chord  eye-bars  that  ran  from  hip  to  hip.  The  rectangular  panel  was 
braced  with  temporary  adjustable  diagonals,  and  the  top  chord  was  hinged 
at  the  mitldlo  and  connected  to  the  pedestals  by  other  temporary  adjust- 
able rods.  These  two  sets  of  adjustable  rods  permit  of  the  raising  or 
lowering  of  one  span  at  a  time.  By  means  of  this  device  more  than  one- 
half  of  each  span  could  be  cantilevered  out  to  meet  the  remainder  thereof, 


Fig.  256.     Layout  of  a  Simple-truss  Bridge  Erected  as  a  Cantilever. 

which  was  to  be  erected  on  falsework.  It  was  intended  to  erect  the  can- 
tilevered portion  of  all  three  bridges  with  their  ends  higher  than  they 
would  be  in  their  final  position,  so  that  no  raising,  but  only  lowering,  of 
weight  of  the  arms  by  the  toggles  would  be  necessary. 

In  one  of  the  three  true  cantilever  bridges  for  the  proposed  Japanese 
raih-oad  an  expedient  was  adopted  which  may  be  worthy  of  description. 


Fig.  25c.     Layout  of  a  Simple-truss  Bridge  Partially  Erected  by  the  Cantilever  Method. 


One  approach  to  the  structure,  as  shown  in  Fig.  25d,  was  through  a  tunnel 
ending  in  the  face  of  a  vertical  wall  of  rock.  It  was  at  first  intended  to 
use  this  rock  in  lieu  of  one  anchor-arm  of  an  ordinary  cantilever  by  letting 
the  main  posts  lie  close  to  its  vertical  face  and  tying  the  top  chords  well 
back  into  its  mass;  but  a  study  of  the  contours  of  the  rock  showed  that 
it  dipped  off  to  one  side  of  the  line  in  such  a  way  as  to  render  such  an 


Fig.  25d.     Layout  of  a  Cantilever  Bridge  of  Special  Design. 

anchorage  of  uncertain  strength,  hence  it  was  decided  to  increase  the  lengths 
of  the  suspended  span  and  the  far  cantilever-arm  sufficiently  to  cut  out  the 
\iear  cantilever-arm,  and  thus  let  the  end  of  the  suspended  span  roll  on  two 
small  pedestals  at  the  mouth  of  the  tunnel.  Five-eighths  of  this  span 
were  to  be  erected  by  toggles  fastened  into  the  rock,  and  the  remaining 
three-eighths  were  to  be  cantilevered  out  also  by  toggles  from  the  end 
of  the  far  cantilever-arm.     This  method  required  more  metal  than  did 


Fig.  25e.     Simple-truss  Bridge  on  the  Nippon  Railway  in  Japan,   Erected  by  the 

Cantilever  Method. 


Fig.  25/.     Simple-truss  Bridge  on  the  Nippon  Railway  in  Japan,   Erected  by   the 

Cantilever  Method. 
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the  one  first  contemplated;  nevertheless  it  was  the  cheapest,  everything 
considered,  that  could  be  adopted.  The  rock-anchorage  was  amply 
strong  for  the  dead-load  pulls  on  it  during  erection,  although,  as  before 
statetl,  it  was  not  sufficiently  reliable  for  resisting  the  effects  of  live  loads. 

0^^^ng  to  financial  considerations  the  building  of  this  branch  line  of 
the  Nippon  Railway  was  not  undertaken  for  many  years  after  the  au- 
thor's plans  were  finished;  and  when  the  project  was  resurrected  new 
surveys  were  made,  and  the  crossings  of  the  river  were  more  or  less  changed 
in  consequence,  thus  rendering  useless  all  the  old  bridge  plans.  How- 
ever, the  Japanese  engineers  who  prepared  the  new  designs  adhered  to 
the  author's  method  of  semi-cantilevering  in  several  cases.  One  of  their 
bridges  is  illustrated  in  Figs.  25e  and  25/,  which  show  quite  effectively 
the  modus  operandi  of  the  scheme  of  ''semi-cantilevering."  Although  the 
author  evolved  it  some  two  decades  ago,  it  was  not  until  within  the  last 
four  years  that  he  had  occasion  to  employ  it  in  actual  construction. 
Bridges  Nos.  2,  4,  and  5  (the  first  mentioned  across  the  Fraser  River  and 
the  other  two  across  the  Thompson)  on  the  line  of  the  Canadian  Northern 
Pacific  Railway  in  British  Columbia  were  erected  by  this  means.  Fig. 
2og  shows  bridge  No.  2  in  course  of  construction,  and  Fig.  25h  gives  a 
view  of  the  finished  structure  for  bridge  No.  5.  The  larger  part  of  the 
span  in  the  latter  was  cantilevered  out  by  tying  back  to  the  high  rock 
above  the  tunnel,  as  previously  described  for  one  of  the  Japanese  bridges. 

The  best  method  of  attaching  the  suspended  span  of  an  ordinary 
cantilever  bridge  is  by  hangers  from  inclined  end  posts  on  the  cantilever- 
arms.  For  such  suspenders  narrow  eye-bars  should  be  used;  and  it  is 
generally  better  to  hinge  them  at  the  middle.  This  is  because  they  are 
subjected  to  transverse  bending,  due  to  longitudinal  expansion  and  con- 
traction of  the  suspended  span  from  both  changes  of  temperature  and 
the  application  and  removal  of  the  live  load.  Narrow  bars  can  spring 
slightly  WTithout  being  overstressed,  and  a  rotation  of  the  eyes  on  the 
pins  will  thus  be  prevented.  Such  a  rotation  would  eventually  enlarge 
the  eyes  and  cut  notches  into  the  pins,  necessitating  for  some  future  time 
expensive  repairs. 

The  author  has  long  desired  to  have  an  opportunity  to  try  what  would 
be  the  effect  on  the  general  appearance  of  a  cantilever  bridge  of  leaving 
out  the  idle  members  of  the  top  chord,  and  thus  accentuating  the  actuality 
of  the  cantilever  construction,  as  shown  in  Fig.  25i.  This  is  in  accordance 
with  Precept  No.  7  enunciated  in  Chapter  LII,  which  treats  of  aesthetics. 
To  the  uninitiated  such  a  departure  from  established  practice  might 
give  an  air  of  instability  to  the  structure;  but  the  trained  eye  would  be 
pleased  by  the  striking  truthfulness  of  the  innovation. 

In  cantilever-arms  it  is  better  and  more  economical  to  use  inclined 
posts  as  well  as  vertical  ones  over  the  piers,  so  that  the  various  loads 
will  be  carried  more  directly  to  the  masonry.  To  insure  the  travel  of 
the  wind-stresses   down   the  transverse  bracing  between  these  inclined 
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Fig.  25g.     Simple-truss  Bridge  over  the  Fraser  River  on  the  Line  of  the  Canadian 
Northern  Pacific  Railway  in  British  Columbia,  Erected  by  the  Cantilever  Method. 
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Fig.  25/i.     Simple-truss  Bridge  over  the  Thompson  River  on  the  Line  of  the  Canadian 
Northern  Pacific  Railway  in  British  Columbia,  Erected  by  the  Cantilever  Method. 
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posts,  instead  of  up  to  the  apex  of  the  top  chord  and  down  the  bracing 
between  the  vertical  posts,  the  autlior  leaves  out  onc^  })air  of  diagonals 
of  the  upper  lateral  system  between  the  said  apex  and  the  tops  of  the 
inclined  posts.  The  same  expedient  is  used  also  for  the  anchor-arms  and 
between  the  hips  of  the  suspended  span  and  the  cantilever-arms.  All 
bracing  between  opposite  vertical  posts  and  between  opposite  inclined 
posts  should  be  made  very  rigid.  Great  care  is  necessary  in  designing 
the  pedestals  over  the  main  piers  so  as  to  carry  the  loads  from  the  three 
hea\y  posts  to  the  masom*y  without  overstressing  any  of  the  metal  in 
the  pedestal,  and  so  as  to  distribute  the  total  pressure  uniformly  over  the 
masonry  bearing. 

The  anchorage  details  require  special  attention,  and  no  rules  can  be 
given  to  govern  their  designing,  for  the  reason  that  the  conditions  vary  for 
all  crossings.     The  following  hints,  though,  may  be  of  use  to  the  designer. 


Fig.  25 1.     Layout  of  Cantilever  Bridge  with  Idle  Top  Chord   Members  Omitted. 

First.  The  anchor-bars  should  be  made  as  long  and  as  narrow  as 
practicable,  and  should  be  divided  into  short  lengths  by  pins,  for  the  same 
reason  as  was  given  in  the  case  of  the  suspenders  of  the  suspended  span. 

Second.  All  anchorage  details  should  be  accessible  to  the  paint 
brush,  excepting,  of  course,  those  portions  of  the  bottom  girders  which 
are  buried  in  the  masonry.  This  result  is  accomplished  by  leaving  wells 
in  the  anchorages  of  sufficient  size  to  permit  the  passage  of  a  man  to  do 
the  painting.  If  these  wells  are  at  any  time  partially  filled  with  water 
temporarily  by  the  rise  of  the  stream,  no  harm  will  be  done,  provided 
that  the  painting  of  the  metalwork  therein  be  always  attended  to  prop- 
erly, and  that  adequate  weep-holes  be  left  in  the  masonry. 

Third.  Concrete  for  anchorages  is  always  preferable  to  masonry, 
because  it  can  readily  be  made  to  take  any  required  form.  If  necessary, 
its  exterior  can  be  protected  against  abrasion  from  ice  or  drift  by  facing 
with  granite  or  other  hard  rock,  or  with  steel. 

Fourth.  There  should  be  an  independent  anchorage  against  wind- 
pressure,  obtained  by  sliding  surfaces  of  steel,  one  of  each  pair  of  same 
forming  part  of  a  heavy  detail  which  is  rigidly  attached  to  the  bottom 
of  the  end  floor-beam,  and  the  other  forming  part  of  a  heavy  detail  that 
is  anchored  firmly  to  the  masonry. 

Fifth.  The  tops  of  the  anchor-piers  should  be  made  absolutely  water- 
tight without  interfering  with  the  longitudinal  expansion  of  the  anchor- 
arm,  so  as  to  prevent  rusting  of  the  interior  metalwork. 
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Sixth.  The  net  weight  of  masonry  in  any  anchor-pier  after  deducting 
the  greatest  buoyant  effort  of  the  displaced  water  should  be  twice  as 
great  as  the  maximum  uplift  on  the  said  anchor-pier,  when  the  effect  of 
impact  is  duly  included. 

Many  expedients  have  been  used  to  connect  up  the  metalwork  of  the 
suspended  spans  of  cantilever  bridges;  and  considerable  trouble  has  often 
been  experienced  in  doing  the  work,  owing  to  variations  in  both  length 
and  elevation.  The  author  is  of  the  opinion  that  but  little  difficulty 
will  be  experienced  if  the  following  precautions  be  taken: 

First.  See  that  the  entire  triangulation  is  so  accurately  done  that 
there  will  be  no  possibility  of  an  error  exceeding  one-quarter  of  an  inch 
in  the  distance  between  centres  of  pins  over  main  piers.  A  perusal  of 
Chapter  LX  will  show  that  this  is  perfectly  feasible. 

Second.  See  that  extra  precautions  are  taken  by  the  inspectors  during 
the  manufacture  of  the  metalwork  to  insure  that  all  lengths  of  main 
members  shall  be  absolutely  correct. 

Third.  See  that  the  tapes  used  in  shop  and  field  are  of  exactly  the 
same  length. 

Fourth.  Use  toggles  like  those  described  in  this  chapter  for  effecting 
the  adjustment. 

Fifth.  Arrange  to  have  the  meeting  ends  of  the  chords  a  trifle  high, 
so  that  lowering  and  not  raising  will  be  necessary. 

Sixth,  Arrange  matters  so  that  when  the  ends  of  the  metalwork 
come  together  they  will  be  a  trifle  apart  rather  than  tending  to  lap,  for 
it  is  much  easier  to  heat  the  chords  slightly  by  suspending  beneath  them 
sheets  of  metal  containing  slow  fires  than  it  would  be  to  cool  them  by 
packing  ice  around  them  in  cloths. 

In  preparing  the  manuscript  of  De  Pontibus,  the  author  made  an  elabo- 
rate series  of  calculations  concerning  the  economics  of  cantilever  designing 
and  established  curves  fo-r  determining  the  weights  of  metal  for  all  ordi- 
nary kinds  of  cantilever  bridges.  The  principal  problems  solved  were  the 
following : 

First:  The  ratio  of  the  economic  length  of  suspended  span  to  that 
of  the  total  opening. 

Second.  The  most  economic  length  of  anchor-arms  when  the  total 
length  between  centres  of  anchorages  is  given,  and  when  the  main  piers 
can  be  placed  wherever  desired. 

Third.  The  relations  between  the  weights  of  metal  in  the  suspended 
span,  cantilever-arms,  anchor-arms,  anchorages,  main  pedestals,  and 
anchor-spans. 

Fourth.  The  best  proportionate  length  for  anchor-spans  and  the  com- 
parative weights  of  metal  in  those  of  different  lengths. 

The  method  of  determining  the  economic  functions  was  to  take  the 
(lata  on  hand  for  the  before-mentioned  Japanese  cantilever  bridges,  exact 
weights  of  metal  having  been  computed  for  structures  of  320  ft.,  400  ft. 
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and  500  ft.  openings;  and  by  varying  the  layouts  so  as  to  use  longer  and 
shorter  suspended  spans  and  longer  and  shorter  anchor-arms,  to  obtain,  by 
actual  designs  and  estimates,  the  weights  of  metal  for  a  sufficient  number 
of  laj'outs  to  indicate  the  desired  minima. 

In  determining  the  economic  length  of  suspended  span  for  a  certain 
opening,  the  length  for  the  anchor-arms  was  first  assumed  to  be  one- 
fourth  of  the  saiil  opening,  then  the  total  weight  of  metal  in  the  entire 
bridge,  including  even  the  anchorages  and  pedestals,  was  figured  for 
several  cases;  and  the  length  of  suspended  span  giving  the  least  weight 
of  metal  for  the  whole  structure  was  found  to  be  about  three-eighths  of 
the  opening,  although  this  length  showed  only  one  and  a  half  per  cent 
advantage  over  the  case  where  the  ratio  was  one-half.  Now,  as  the 
rigidity  of  the  entire  structure  certainly  increases  with  the  length  of  the 
suspended  span,  it  will  often  be  found  best  to  make  the  length  of  the 
latter  about  one-half  of  the  opening  rather  than  three-eighths  or  any 
smaller  proportion.  On  the  other  hand,  though,  it  has  been  found  by 
trial  that,  with  the  three-eighths  ratio,  there  results  a  more  sightly  lay- 
out than  can  be  obtained  with  the  one-half  ratio.  To  some  extent  the 
economic  length  of  the  suspended  span  will  depend  upon  its  method  of 
erection,  especially  if  it  be  pin-connected;  for  it  is  evident  that,  as  its 
trusses  must  have  some  of  their  members  either  stiffened  or  strengthened 
in  order  properly  to  resist  the  erection  stresses  caused  by  cantile- 
vering,  a  central  span  that  is  floated  into  place  will  weigh  less  than 
one  of  the  same  length  which  is  cantilevered;  hence,  for  economic 
adjustment  of  weights  and  lengths  the  floated  span  would  have  to  be 
somewhat  longer  than  the  cantilevered  one — but  not  much,  as  the 
difference  in  weights  of  the  suspended  trusses  is  probably  never  more 
than  ten  per  cent. 

Next  there  were  tabulated  the  various  component  truss  and  lateral 
weights  of  a  number  of  cantilever  bridges  that  had  previously  been  com- 
puted, and  from  them  were  constructed  the  curves  shown  in  Fig.  25j, 
from  which  can  be  found  the  total  weight  of  metal  in  the  trusses  and 
lateral  systems  of  any  three-span  cantilever  bridge,  when  the  weight  per 
lineal  foot  of  the  trusses  and  laterals  in  the  suspended  span  is  known. 
This  weight,  on  the  average,  is  eight  per  cent  greater  than  that  for  an 
ordinary  simple  span  of  the  same  length,  the  extra  metal  being  required 
mainly  for  stiffening  certain  truss  members  to  resist  erection  stresses.  Of 
course,  if  falsework  be  used  for  the  suspended  span,  the  eight  per  cent 
excess  wdll  not  be  added. 

The  curves  of  percentages  are  based  on  two  assumptions,  viz.,  first, 
the  panels  throughout  the  entire  structure  are  of  equal  length,  and,  sec- 
ond, the  lengths  of  the  cantilever-arms  and  anchor-arms  are  the  same. 
The  first  assumption  is  nearly  always  correct,  for  there  is  seldom  any 
material  advantage  to  be  gained  by  varying  the  panel  lengths  in  the  va- 
rious portions  of  the  bridge.     If  the  lengths  of  cantilever-  and  anchor- 
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arms  are  unequal,  the  average  weight  of  metal  obtained  for  the  latter  by 
use  of  the  curve  will  have  to  be  corrected  by  the  formula, 

T'  =  y(l  +  r) 

where  T'  is  the  correct  final  weight  of  truss  and  lateral  metal  in  the  anchor- 
arm,  T  is  the  weight  of  same  found  by  the  percentage  curve,  and  r  is 
the  ratio  of  length  of  cantilever-arm  to  that  of  anchor-arm.  It  should 
be  observed  that,  in  a])plying  the  percentage  curves  to  structures  having 
subdivided  panels  like  those  of  the  Petit  truss,  the  main  or  double  panel 
is  to  be  used  as  the  basis  of  calculation. 

The  method  of  applying  the  percentage  curves  is  as  follows:  Let  us 
take  any  opening  and  assume  that  there  are  six  panels  in  each  cantilever- 
arm,  and  that  the  weight  per  foot  of  truss  and  lateral  metal  in  the  sus- 
pended span  is  iv,  the  panel  length  being  -p,  and  yw  —  W .  It  is  to  be 
observed  that  this  method  is  applicable  for  an}^  proportionate  length  of 
suspended  span. 

The  weight  of  metal  in  the  floor  system,  being  independent  of  the  span 
length  and  simply  a  function  of  the  panel  length  and  of  the  distance  be- 
tween trusses,  is  not  considered  in  the  investigation,  but  is,  of  course, 
to  be  added  when  figuring  the  total  weight  of  metal  in  the  structure. 

The  weight  of  truss  and  lateral  metal  in  the  cantilever-arm,  as  shown 
by  the  curve  in  Fig.  25j,  will  be 

1.2  W  +  1.4  TF  +  1.65  W  +  2.0  W  +  2.4  W  +  3.0  W  =  11.65  W 

The  weight  of  the  metal  in  the  panel  over  the  pier  is,  according  to 
the  directions  on  the  diagram, 

1.8  X  3.0  W  =  5.4  W 

Let  us  assume  that  there  are  only  five  panels  in  the  anchor-arm,  then 
the  trial  weight  T  will  be 

0.75  W  +  1.75  If  +  2.1  W  +  2.5  W  -f  3.0  W  =  lO.lOTF. 
Substituting  in  the  formula  gives 


^-^^(i+D- 


11.11  w 


It  will  be  seen  from  these  calculations  that  the  full  percentages  given 
for  the  end  panel-points  of  cantilev(>r-arms  and  anchor-arms  are  to  be  used, 
although  in  reality  there  is  but  a  half  panel  length  for  each  point.  This 
is  caused  by  the  heavy  details  recjuircd  at  these  points  for  adjustment 
and  anchorage.  All  erection  metal  at  the  end  of  a  suspended  span  is 
assumed  to  belong  to  the  cantilever-arm. 

Should,  in  any  case,  the  panel  lengths  be  unequal  in  different  portions 
of  the  structure,  it  will  be  a  simple  matter  to  use  the  curves  by  finding 
average  weights  per  foot  for  two  assumed  cases  of  equal  panel  lengths, 
one  making  the  arm  greater  and  the  other  making  it  less  in  length  than 
it  actually  is,  and  interpolating  properly  between  the  results  for  the 
required  average  weight  per  foot  for  the  arm. 
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Fig.  25/.    Weights  of  Trus.ses  and  Lateral  Systems  of  Cantilever-arms  and  Anchor-arms 
in  Percentages  of  Average  Truss  and  Lateral  Weights  for  One  Panel  of  Suspended  Span. 
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The  total  weight  of  metal  in  the  two  anchorages  of  any  three-span 
cantilever  bridge  can  be  taken  as  five  per  cent  of  the  grand  total  weight 
of  metal  in  the  said  three  spans,  and  the  weight  of  metal  in  the  pedestals 
on  main  piers  at  four  per  cent  of  same.  Of  course,  conditions  vary  for 
different  cases;  nevertheless  these  percentages  will  give  results  sufficiently 
close  for  all  practical  purposes. 

If  the  bridge  be  so  long  as  to  require  an  anchor-span,  its  weight  of 
truss  and  lateral  metal  per  lineal  foot  will  be  about  3.25  w,  irrespective, 
strange  to  say,  of  the  length  of  the  said  anchor-span,  w  being  the  weight 
per  foot  of  the  trusses  and  laterals  in  a  suspended  span,  the  length  of 
which  is  three-eighths  of  the  main  opening.  The  explanation  of  this  fact 
is  that  the  weight  per  foot  of  the  chords  increases  with  the  net  bending 
moments,  the  upward  moment  being  independent  of  the  span  length 
and  affected  only  by  the  loads  on  the  adjacent  spans,  but  the  downward 
moment  increasing  as  the  square  of  the  span  length;  while  the  weight 
per  foot  of  the  web,  in  so  far  as  it  is  affected  by  the  shears  from  exterior 
loading  (the  ruUng  factor  in  determining  the  sections  of  the  web  members), 
varies  inversely  as  the  span  length. 

If  the  length  of  anchor-span  be  very  short,  say  materially  less  than 
one-half  of  the  main  opening,  the  weight  per  foot  for  trusses  and  laterals 
will  have  to  be  increased  to  3.5w,  notwithstanding  the  fact  that  the  entire 
top  chords  may  then  be  built  of  eye-bars;  but  such  short  spans  would 
probably  be  barred  out  by  consideration  for  navigation  interests. 

The  percentage  curves  of  Fig.  25j  will  not  bear  a  rigid  criticism,  in 
that  they  make  the  weight  of  metal  depend  upon  the  number  of  panels. 
It  is  presupposed,  however,  that  the  panel  length  adopted  is  the  m'ost 
appropriate  one  for  the  bridge;  and  the  curves  will  be  found  quite  ac- 
curate whenever  the  proper  panel  length  is  used.  With  long  panels  the 
weight  of  metal  per  lineal  foot  found  by  the  curves  for  cantilever-  and 
anchor-arms  is  less  than  that  found  thereby  for  short  panels.  This  is 
as  it  should  be,  but  to  a  hmited  extent  only;  for  it  can  be  found  by  trial 
that  an  abnormally  short  or  abnormally  long  panel  length  will  give  resuljfcs 
too  great  or  too  small  when  checked  by  computations  of  weights  made 
from  actual  designs. 

These  percentage  curves  were  utilized  in  solving  the  next  problem, 
viz.,  given  the  total  distance  between  centres  of  anchorages  and  carte 
blanche  as  to  the  location  of  the  main  piers,  to  determine  the  length  of 
each  anchor-arm  which  will  make  the  total  weight  of  metal  in  the  struc- 
tui*e  a  minimum.  This  length  was  found  to  be  two-tenths  of  the  total 
distance  between  the  anchorages. 

It  must  not  be  forgotten  that  for  every  dollar  saved  by  reducing  the 
total  weight  of  metal  through  the  shortening  of  the  anchor-arm,  it  will 
be  necessary  to  spend  about  twenty  cents  for  extra  concrete  in  the  an- 
chorages. On  this  account,  for  the  conditions  assumed,  the  truly  eco- 
nomic length  of  each  anchor-arm  of  a  three-span  cantilever  will  generally 
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be  a  little  greater  than  twenty  per  cent  of  the  total  distance  between 
centres  of  anchorages. 

When,  however,  the  problem  is  to  determine  the  economic  length  of 
anchor-arm  for  a  fixed  distance  between  main  piers,  the  result  will  be 
quite  different;  because,  within  reasonable  limits,  the  shorter  the  anchor- 
arm  the  smaller  will  be  its  total  weight  of  metal,  and  because  trestle  ap- 
proach is  much  less  expensive  than  anchor-arm.  It  would  not,  for  evi- 
dent reasons,  be  advisable  to  make  the  length  of  anchor-arm  less  than 
twenty  per  cent  of  that  of  the  main  opening,  or  say  fifteen  per  cent  of 
total  distance  between  centres  of  anchorages.  With  this  length  there 
would  probably  be  no  reversion  of  stress  in  the  chords  of  the  anchor-arm, 
even  when  impact  is  considered.  Generally,  though,  the  appearance  of 
the  structure  will  be  improved  by  using  longer  anchor-arms  than  the 
inferior  limit  just  suggested. 

In  respect  to  the  best  proportionate  length  of  anchor-spans,  the  latter 
weigh  so  much  per  lineal  foot  for  all  cases  that  the  shorter  they  are  made 
the  greater  the  economy;  but,  as  before  stated,  it  is  improbable  that  nav- 
igation interests  would  ever  permit  of  their  being  made  shorter  than  one- 
half  of  the  main  openings. 

From  the  curves  given  in  Fig.  25j  and  from  other  data,  some  of  which 
were  on  file  in  the  author's  office  and  some  of  which  were  prepared  es- 
pecially for  the  purpose,  were  plotted  the  curves  of  weights  of  cantilever 
bridges  given  in  Figs.  55666  to  55mmm  inclusive.  From  these  can  be  found 
the  average  weights  of  metal  per  lineal  foot  of  span  for  double-track  can- 
tilever bridges  proportioned  to  carry  certain  live  loads  according  to  the 
specifications  of  Chapter  LXXVIII.  These  weights  were  determined  for 
the  average  of  the  total  length  of  structure,  and  will  not  apply  to  any 
particular  span  of  the  layout.  The  proportions  of  span  lengths  assumed 
were  as  follows: 

If  I  is  the  length  of  the  main  opening  that  is  covered  by  one  suspended 
span  and  two  cantilever-arms,  the  length  of  the  suspended  span  is  three- 
eighths  (^)  of  I,  and  that  of  each  cantilever-arm  and  of  each  anchor-arm 
is  five  sixteenths  (^/le)  of  /.  If  there  be  an  anchor-span  in  the  structure, 
its  length  is  assumed  to  be  five-eighths  {%)  of  I.  These  proportions  are 
fairly  economic  and  may  be  found  suitable  for  any  particular  crossing; 
but,  if  not,  any  small  variation,  from  them  will  cause  no  serious  error 
in  the  weights  of  metal  given  by  the  diagrams. 

As  shown  by  the  sketches  in  Fig,  55aaa,  there  are  four  possible  layouts 
of  spans  for  crossings  where  cantilever  construction  is  adopted.  The  first 
is  the  one  ordinarily  employed.  It  consists  of  one  central  opening  having 
a  suspended  span  and  two  cantilever-arms,  and  two  anchor-arms.  The 
second  consists  of  an  anchor-arm,  a  cantilever-arm,  a  suspended  span, 
another  cantilever-arm,  an  anchor-span,  another  cantilever-arm,  another 
suspended  span,  another  cantilever-arm,  and  another  anchor-arm;  and 
for  very  wide  crossings  it  can  be  lengthened  by  the  addition  of  sections 
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composed  of  one  suspended  span,  two  cantilever-arms,  and  an  anchor- 
span,  thus  giving  such  a  layout  as  that  used  for  the  Poughkeepsie  Bridge 
(Fig.  25y).  The  third  consists  of  a  simple  span  resting  on  a  pier  at  one  end 
and  suspended  at  the  other,  a  cantilever-arm,  an  anchor-span,  another 
cantilever-arm,  and  another  simple  span  suspentlod  at  one  end  and  sup- 
ported by  a  pier  at  the  other;  and  for  long  structures  it  can  be  extended 
by  the  addition  of  sections  composed  of  one  suspended  span,  two  cantilever- 
arms,  and  an  anchor-span,  thus  giving  an  arrangement  such  as  was  used 
for  the  Thebes  Bridge  (Fig.  25s).  The  fourth  is  a  combination  of  the  other 
types,  and  consists  of  a  simple  span  resting  on  a  pier  at  one  end  and  sus- 
pended at  the  other,  a  cantilever-arm,  an  anchor-span,  another  cantilever- 
arm,  a  suspended  span,  another  cantilev(T-arm,  and  an  anchor-arm.  These 
are  all  the  possible  legitimate  layouts  for  any  wholly  cantilevered  bridge. 
Of  course,  it  is  practicable  to  omit  the  suspended  spans  and  connect  to  each 
other  in  a  vertical  direction,  but  not  horizontally,  the  meeting  ends  of 
the  cantilever  arms;  but  such  construction  is  unscientific,  uneconomic, 
and  exceedingly  faulty,  in  that  the  stresses  are  rendered  indeterminate 
except  by  making  assumptions  which  are  only  approximately  correct. 
Besides,  the  work  involved  in  finding  such  stresses  is  complicated  and 
excessive. 

The  Blackwell's  Island  Bridge  over  the  East  River  at  New  York 
City,  shown  in  Fig.  251,  is  of  this  type;  and  after  completion  it  was  deemed 
so  unsatisfactory  that  the  authorities  had  the  stresses  refigured  at  enor- 
mous expense  by  independent  computers,  with  the  result  that  the  over- 
stresses  were  found  to  be  so  great  (due  to  both  ambiguity  of  stress  distri- 
bution and  overrun  of  dead  load)  that  some  of  the  roadways  had  to  be 
omitted.  A  New  York  engineer  connected  with  the  bridge  once  remarked 
that  the  structure  is  so  complicated  that,  if  a  man  were  to  stand  at  the 
first  panel  point  of  the  farthest  span  and  were  to  spit  into  the  river,  his 
domg  so  would  affect  the  stress  in  every  main  truss  member  of  every 
span  in  the  entire  structure — and  the  statement  is  actually  correct.  The 
layout  of  this  bridge  is  what  may  be  termed  a  constructive  lie.  The  top 
chords  of  the  long  spans  were  made  into  a  continuous  curve  to  resemble 
the  cables  of  a  suspension  bridge,  the  object  being  aesthetics;  but  the  at- 
tempt thus  to  beautify  the  structure  was  a  failure,  and  the  damage  done 
to  the  bridge  by  the  omission  of  the  suspended  span  is  measured  by  millions 
of  dollars.  This  is  a  good  illustration  of  the  ill  effects  of  violating  Principle 
No.  1  of  "The  First  Principles  of  Designing,"  given  in  Chapter  XV,  viz., 
"SimpUcity  is  one  of  the  highest  attributes  of  good  designing."  No  more 
effective  example  of  its  correctness  than  this  structure  affords  could  be 
desired. 

Figs.  55666  to  55mmm,  inclusive,  give  curves  of  weights  of  metal  for 
bridges  of  Types  A,  B,  C,  and  D.  When  additional  portions  are  added 
to  Types  B  or  D,  the  weight  per  lineal  foot  of  these  added  sections  will 
be  ten  per  cent  greater  than  that  given  by  the  curves  of  Type  C.     When 
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additional  portions  are  added  to  Type  C,  the  weight  per  lineal  foot  of 

t  hese  added  sections  will  also  be  ten  per  cent  greater  than  that  for  a  Type  C 

bridge;   and  if  there  be  n  such  portions  added,  the  average  weight  of  the 

entire  bridge  per  lineal  foot  will  be  equal  to  that  given  by  the  curves  for 

n 
Type  C,  multiplied  by  the  quantity  1  +  0.1  ■  . 

Each  of  the  four  types  has  characteristic  features  which  adapt  them  to 
certain  locations.     They  will  now  be  discussed  in  detail. 

Type  A  is  best  suited  for  a  location  at  which  a  very  long  central  span 
is  required,  while  the  side  spans  can  be  very  short.  As  compared  ^vith 
a  simple-span  structure  having  the  same  central  opening,  and  side  spans 
of  the  same  length  as  the  anchor-arms,  it  will  be  found  that  the  weights 
of  metal  in  the  two  laj^outs  will  be  equal  when  the  length  of  the  central 
span  is  about  six  hundred  feet;  while  if  trestle  approaches  can  be  used 
with  the  long  simple  span,  the  equality  of  weights  will  occur  with  a  length 
of  about  seven  hundred  feet.  The  above  figures  are  true  for  railway  spans, 
the  corresponding  values  for  highway  spans  being  somewhat  smaller. 
If  the  use  of  falsework  be  impracticable,  it  \vill,  of  course,  be  advisable 
to  employ  the  cantilever  for  lengths  shorter  than  the  limits  just  given; 
for  the  simple-span  structure,  if  erected  by  semi-cantilevering,  will  be 
increased  in  weight  by  several  per  cent.  Furthermore,  with  trestles  or 
very  short  approach  spans  semi-cantilevering  is  generally  impossible. 
If,  however,  the  distance  between  end  piers  is  a  fixed  quantity,  and  the 
two  intermediate  piers  can  be  placed  where  desired.  Type  A  will  be  found 
to  require  more  metal  than  a  la3'out  composed  of  three  simple  spans  of 
equal  length  erected  on  falsework,  even  when  the  lengths  of  the  said 
simple  spans  are  as  great  as  one  thousand  feet.  If  the  central  simple  span 
must  be  erected  by  semi-cantilevering,  an  equahty  of  weights  will  occur 
when  the  lengths  of  the  simple  spans  are  about  eight  hundred  feet,  the 
corresponding  length  of  the  main  opening  of  the  cantilever  layout  being 
fifteen  hundred  feet.  In  many  cases,  however,  the  piers  of  the  cantilever 
structure  will  be  much  cheaper  than  those  of  the  simple-span  bridge,  on 
account  of  their  being  nearer  to  the  banks  of  the  river.  For  such  a  crossing, 
the  total  cost  of  the  simple-span  structure  can  sometimes  be  reduced  by 
lengthening  the  centre  span  and  shortening  the  side  spans;  and  the  most 
economic  layout  for  the  simple-span  bridge  should  first  be  found,  and  its 
total  cost  then  compared  with  that  of  the  cantilever  structure. 

For  a  crossing  where  three  spans  of  practically  equal  length  can  be 
employed.  Type  C  will  freciuently  prove  economical.  When  the  distance 
between  the  end  piers  exceeds  nineteen  hundred  or  two  thousand  feet, 
it  will  be  found  to  require  less  metal  than  a  bridge  composed  of  three 
simple  spans  of  equal  length.  It  is  not  well  adapted  to  crossings  where 
falsework  cannot  be  employed;  and  the  use  of  the  simple-span  layout, 
in  which  the  central  span  can  be  cantilevered  out  from  the  side  ones,  is 
frequently  preferable  on  this  account.     Also,  the  adoption  of  the  three 
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duplicate  spans  will  usually  cause  a  reduction  in  the  pound  price  of  the 
metal. 

Comparing  Types  A  and  C  for  a  crossing  in  which  the  over-all  length 
is  fixed,  but  where  the  intermediate  piers  can  be  placed  as  desired,  the 
ratio  of  the  weight  of  Type  C  to  that  of  Type  A  varies  from  about  0.8 
for  structures  under  two  thousand  feet  in  length  to  about  0.65  for  structures 
three  thousand  feet  long. 

For  an  unusual  crossing  such  as  that  found  at  the  Blackwell's  Island 
Bridge  (Fig.  25z),  in  which  there  are  two  wide  channels  separated  by  a 
small  island,  Type  B  will  be  found  to  be  the  best  of  the  cantilever  layouts. 
Its  cost  is  to  be  compared  with  that  of  a  simple-span  structure.  The  span 
length  at  which  the  weights  of  the  two  types  of  structure  are  equal  will 
depend  upon  the  construction  required  for  the  central  portion  of  the 
simple-span  structure,  and  also  upon  the  relative  lengths  of  the  main 
openings  and  anchor-span  in  the  cantilever  bridge;  but  ordinarily  it  will  be 
about  six  or  seven  hundred  feet.  Where  falsework  cannot  be  employed, 
the  cantilever  may  be  preferable  for  even  shorter  span  lengths. 

For  a  long  crossing  over  a  wide  river,  where  the  foundation  conditions 
are  uniform  and  the  piers  can  be  located  as  desired.  Type  C,  with  as  many 
added  sections  as  are  necessary,  will  be  the  most  economic  of  the  cantilever 
layouts.  As  compared  with  a  simple-span  layout  of  five  equal  spans 
erected  on  falsework,  it  will  require  less  metal  when  the  span  lengths  of 
the  latter  exceed  six  hundred  feet;  and  if  the  simple  spans  are  designed 
for  erection  by  semi-cantilevering,  this  limit  becomes  about  five  hundred 
and  fifty  feet.  The  adoption  of  the  simple-span  layout  will  give  several 
duplicate  spans,  which  will  reduce  slightly  the  pound  price  of  the  metal- 
work.  So  far  as  erection  is  concerned,  there  is  but  little  choice  between  the 
two  structures;  for  in  either  layout  alternate  spans  must  be  erected  on 
falsework,  while  the  intervening  ones  can  be  erected  wholly  or  partly 
by  cantilevering. 

A  special  case  arises  in  such  a  crossing  as  that  at  Poughkeepsie  (Fig. 
25y),  where  the  end  piers  could  be  built  much  more  cheaply  than  those 
in  the  stream.  The  layout  adopted  w^as  Type  B.  Had  there  been  used  a 
Type  C  structure  giving  five  openings  between  the  end  main  piers,  and 
two  hundred  feet  of  approach  at  each  end  instead  of  the  anchor-arms, 
the  total  weight  of  the  superstructure  would  have  been  increased  about 
two  per  cent.  For  most  crossings,  the  cost  of  the  anchor  piers  in  the 
layout  used  would  have  overbalanced  the  small  saving  in  the  super- 
structure, thus  making  the  Type  C  structure  cheaper;  but  in  this  instance 
the  cost  of  the  anchor  piers  was  comparatively  small,  and  the  layout 
employed  is,  thert^fore,  the  more  economic  of  the  two.  A  Typc^  C  structure 
giving  seven  openings  l)etween  the  anchorage  piers  could  also  have  been 
used,  thus  effecting  a  reduction  of  about  five  per  cent  in  the  weight  of  the 
superstructure  metal;  but  this  would  hav(>  increased  decidedly  the  cost 
of  the  piers  next  to  the  end  ones  (which  would  have  then  been  located  in 
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the  stream  instead  of  on  the  banks),  and  would  doubtless  have  more  than 
offset  the  saving  in  the  superstructure  metal.  It  is  evident,  therefore, 
that  in  some  cases  Type  B  should  be  employed  for  long  crossings.  The 
necessity  for  providing  long  op(Miings  next  to  the  banks  of  a  stream  might 
also  require  its  adoption.  Should  such  special  conditions  occur  at  one  end 
only  of  a  bridge,  Type  D  would  naturally  be  employed.  This  was  done  in 
the  case  of  the  Memphis  liridge  (Fig.  25o). 

In  regard  to  truss  depths  for  cantilever  bridges,  the  author's  practice 
is  to  make  that  for  the  suspended  span,  when  the  chords  are  parallel, 
from  one- fifth  of  its  length  for  short  spans  to  one-seventh  of  its  length 
for  verj'  long  ones,  interpolating  between  these  limits  for  intermediate 
lengths.  If  one  of  the  chords  l)c  polygonal,  a  greater  proportionate  truss 
depth  at  mid-span  and  a  smaller  one  at  the  ends  would  logically  be  em- 
ployed. The  height  of  the  vertical  posts  over  the  main  piers  can  be 
made  about  fifteen  (15)  per  cent  of  the  length  of  the  main  opening,  or  not 
to  exceed  three  and  a  half  (3.5)  times  the  perpendicular  distance  between 
central  planes  of  trusses  over  the  main  piers.  In  the  new  design  for  the 
Quebec  bridge  these  posts  were  made  310  feet  high  for  the  sake  of  appear- 
ance, although  the  economic  length  was  found  to  be  only  290  feet.  These 
figures  correspond  to  percentages  of  main  openings  of  about  seventeen  (17) 
and  sixteen  (16)  respectively. 

For  the  sake  of  appearance  the  centres  of  the  top  chord  pins  in  canti- 
lever-arms are  best  placed  on  arcs  of  parabolas,  the  vertices  of  which  are 
located  at  the  hips  of  the  suspended  span;  and  the  anchor-arms  are  laid 
out  to  the  same  curve,  beginning  at  the  tops  of  the  posts  over  the  main  piers. 

The  limiting  length  of  main  opening  for  cantilever  bridges  is  treated 
fully  in  Chapter  IV. 

There  are  certain  legitimate  economies  that  may  be  employed  in  the 
designing  of  cantilever  bridges,  among  which  may  be  mentioned  the 
following : 

A.  The  wind  pressure  assumed  in  computing  the  erection  stresses 
may  be  taken  lower  than  that  given  in  the  specifications  for  the  finished 
structure,  provided  that  the  full  wind  pressure  would  not  overstress  any 
of  the  metal  seriously  or  involve  any  risk  of  disaster  during  erection. 
A  stress  of  three-quarters  of  the  elastic  limit  of  the  metal  applied  a  few 
times  during  erection  would  do  no  harm,  and  the  chance  of  there  being 
in  that  limited  time  any  wind  pressure  at  all  approaching  in  magnitude 
that  specified  is  very  small.  This  lowering  of  the  intensity  of  wind  pres- 
sure may  be  the  means  of  avoiding,  in  a  perfectly  legitimate  manner, 
the  increasing  of  the  sections  of  a  number  of  truss  members  because  of 
erection  stresses;  but  such  economizing  should  be  done  with  caution  after  a 
thorough  consideration  of  its  greatest  possible  effects. 

B.  A  certain  amount  of  metal  can  sometimes  be  saved  by  splaying 
the  trusses  between  the  main  piers  and  the  ends  of  the  cantilever  and 
anchor  arms;    but  imless  the  amount  thereof  be  fairly  large,  the  extra 
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pound  price  of  the  metalwork  in  the  cantilever-  and  anchor-arms  due  to 
the  said  splaying  may  more  than  offset  the  value  of  the  reduction. 

C.  A  small  economy  may  sometimes  be  accomplished  by  omitting 
during  erection  from  the  cantilevered  portion  of  the  structure  all  parts  that 
are  not  essential  to  its  strength  before  the  coupling  of  the  cantilevered 
ends  is  effected,  thus  reducing  the  erection  stresses  a  little. 

D.  Solitary  piers  or  large  pedestals  under  the  main  vertical  posts 
are  sometimes  just  as  satisfactory  in  every  way  as  long,  continuous  piers, 
especially  if  a  comiecting  wall  of  reinforced  concrete  between  them  be 
employed.  Generally  they  will  be  found  to  involve  a  large  saving  in 
the  cost  of  the  substructure. 

E.  In  very  wide  cantilever  bridges  it  might  sometimes  be  advisable  to 
adopt  intermediate  trusses  so  as  to  economize  materially  in  the  weight  of 
the  floor-beams  and  a  trifle  in  that  of  the  trusses,  also  because  of  the  con- 
sequent reduction  in  dead  load,  but  mainly  so  as  to  keep  within  reasonable 
limits  the  sizes  and  weights  of  the  pieces  to  be  handled  and  thus  economize 
on  the  size  of  the  traveler  and  the  cost  of  the  erecting  machinery.  On  the 
other  hand,  though,  increasing  the  number  of  trusses  is  likely  to  increase 
a  little  the  percentage  of  weight  of  truss  details;  but  where  the  sections 
of  members  are  large  this  increase  would  be  small.  In  case  the  wind 
stresses  are  an  important  factor  in  the  proportioning  of  the  truss  mem- 
bers, the  employment  of  an  interior  truss  or  interior  trusses  might,  by 
the  reduction  in  areas  of  chord  sections,  cause  such  relatively  large  wind 
stresses  on  the  chords  of  the  exterior  trusses  that  the  additional  metal 
required  to  take  care  of  them  would  offset  all  the  saving  obtained  in  the 
ways  just  mentioned. 

F.  In  long-span  cantilever  bridges  the  stresses  on  the  truss  members 
that  rest  upon  the  piers  should  be  divided  among  as  many  such  members 
as  possible  by  using  an  inclined  strut  on  each  side  as  well,  as  a  vertical 
post  instead  of  carrying  all  the  loads  to  the  top  of  the  latter  by  tension 
members,  as  was  done  in  the  design  of  the  ill-fated  Quebec  bridge.  Again, 
if  a  lowering  of  the  inner  ends  of  the  cantilever  arms  be  permissible,  the 
inclining  of  the  end  sections  of  the  bottom  chords  to  the  horizontal  will 
take  up  a  portion  of  the  load  that  is  carried  to  the  pier  and  thus  will 
reduce  the  stresses  on  the  vertical  and  inclined  posts  assembling  there. 
This  last  feature  reduces  also  the  total  cost  of  the  masonry  by  diminishing 
the  height  of  the  main  piers,  and  saves  placing  the  tops  of  the  trusses 
at  an  abnormal  height  above  the  water. 

G.  If  there  be  any  choice  between  the  riveted  and  the  pin-connected 
types  of  construction  for  any  cantilever  bridge,  it  is  generally  better  to 
adopt  the  latter,  because,  as  cantilever  bridges  are  usually  employed  for 
long  spans  only,  pin-connected  work  is  the  more  suitable.  Again,  it  is  a 
little  lighter  than  riveted  work  and  therefore  the  dead  load  on  the  structure 
would  be  somewhat  less.  On  the  other  hand,  the  riveted  construction 
is  so  much  more  rigid  than  the  pin-coimected  that  it  is  preferable  to 
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adopt  it  whenever  the  conditions  permit;  besides,  in  the  riveted  work  it 
is  not  necessary  to  stiffen  an}^  truss  members  for  erection,  although  it 
might  bo  obUgntory  to  increase  a  few  of  their  sectional  areas. 

H.  Very  large  compression  members  should  be  made  of  box  section 
so  as  to  do  away  with  latticing.  This  not  only  effects  an  improvement 
m  the  design,  but  also  saves  some  metal,  although  the  details  required  at 
the  panel  points  to  distribute  the  stresses  from  the  cut  cover  plates  tend 
to  offset  the  saving  in  weight  of  lattice  bars  and  stay  plates. 

Chapter  III  of  Merriman  and  Jacoby's  "Roofs  and  Bridges,"  Part  IV, 
presents  an  excellent  treatment  of  the  subject  of  cantilever  bridges,  dis- 
cussed mainly  from  the  theoretical  point  of  view;  but  it  gives  also  some- 
thing concerning  the  history  of  cantilever  bridge  building  and  a  list  of 
the  ]:)rincipal  cantilever  bridges  of  America.  The  professors'  economic 
investigations,  which  are  based  upon  chord  weights  only,  show  that  for 
a  three-span  cantilever  of  Type  A,  each  anchor-arm  should  be  about 
twenty-one  and  two  tenths  (21.2)  per  cent  of  the  total  length  of  struc- 
ture. This  is  quite  a  close  agreement  with  the  twenty  (20)  per  cent 
found  bj^  the  more  accurate  and  practical  investigation  that  was  made 
for  De  Pontihus.  The  professors  find,  though,  thirty-nine  and  four 
tenths  (39.4)  per  cent  of  the  total  length  of  structure  for  the  economic 
length  of  the  suspended  span,  corresponding  to  about  sixty-eight  per 
cent  of  that  of  the  main  opening,  while  the  De  Pontihus  investigation 
made  it  only  thirty-seven  and  a  half  (37.5)  per  cent.  Actual  experience 
has  repeatedly  shown  that  the  economic  length  of  the  suspended  span 
is  from  three-eighths  (^)  to'  one  half  (3^)  of  the  main  opening,  hence 
the  professors'  figures  for  this  portion  of  their  work  have  the  appearance 
of  being  incorrect;  but  Prof.  Merriman  has  explained  to  the  author  by 
letter  that  he  assumed  the  truss  depth  to  be  the  same  throughout  the 
entire  structure.  This  assumption,  combined  with  that  of  ignoring  the 
effect  of  the  weight  of  the  web,  will  account  for  the  large  discrepancy; 
because  the  professors'  mathematics  have  been  checked  and  found  to  be 
faultless.  As  a  matter  of  fact,  though,  no  American  engineer  would 
think  for  an  instant  of  making  the  truss  depth  constant  throughout  the 
structure,  because  for  economic  reasons  it  should  generally  be  about  twice 
as  great  over  the  main  piers  as  in  the  suspended  span.  European  engi- 
neers, however,  often  fail  to  make  the  truss  depths,  especially  in  the  can- 
tilever- and  anchor-arms,  great  enough  for  economy. 

The  professors  make  also  from  their  economic  investigations  the  fol- 
lowing deduction :  "The  cantilever  system  hence  has  no  theoretic  economy 
over  simple  trusses  when  the  piers  can  be  located  in  any  position;  more- 
over, when  the  influence  of  the  alternating  stresses  in  the  anchor-arm 
and  the  material  required  for  anchor  rods  are  taken  into  account,  it  is 
at  a  marked  disadvantage."  As  has  been  shown  previously  in  this  chapter, 
this  statement  is  true  for  Type  A,  which  is  the  layout  employed  by  the 
professors;    but  it  is  not  correct  in  general.    Tlu^  professors  show  also  by 
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their  theoretical  computations  that  the  greatest  deflection  of  a  cantilever 
bridge  of  ordinary  proportions  is  far  more  than  that  for  a  bridge  of  three 
equal  spans  having  the  same  aggregate  length;  thus  confirming  the  state- 
ment previously  made  in  this  chapter  concerning  the  comparative  rigidities 
of  the  two  layouts  considered. 

The  professors  are  right  in  their  surmise  that  "probably  the  common 
three-span-cantilever  bridge  has  a  lower  degree  of  economy  than  the 
arrangement  where  the  simple  trusses  are  in  the  end  spans,  as  in  the 
Kentucky  River  bridge";  for,  as  previously  stated.  Type  C  layout  requires 
only  from  eighty  to  sixty-five  per  cent  as  much  metal  as  does  Type  A, 
for  the  same  total  length  of  structure.  It  must  be  remembered,  however, 
that,  as  previously  indicated,  the  comparison  is  hardly  fair  to  the  common 
three-span-cantilever,  because  the  latter  provides  a  greater  main  opening 
than  that  of  the  alternative  layout. 

Shortly  after  the  curves  for  weights  of  metal  given  in  Fig.  25j  were 
prepared,  an  excellent  check  on  their  accuracy  was  obtained  from  the 
pubhshed  estimated  weights  for  the  longest  span  cantilever  bridge  ever 
designed,  viz.,  2,300  feet  measured  between  centres  of  main  piers.  It 
was  prepared  by  the  Union  Bridge  Company  for  a  proposed  crossing  of 
the  North  River  at  New  York  City. 

The  total  weight  of  metal  in  trusses  and  laterals  of  the  720  ft.  sus- 
pended span  was  10,400,000  lbs.  The  trusses,  which  were  of  the  Petit 
type,  were  divided  into  six  main  panels  of  120  ft.  each;  consequently  the 
panel  weight  was  10,400,000  -r-  6  =  1,733,000  lbs.  In  the  cantilever-arm 
there  were  six  and  five-eighths  main  panels*  consequently  the  weight  of 
trusses  and  laterals  therefor  would  be 

1.20  W  +  1.40  W  +  1.65  W  H-  2.00  W  +  2.40  W  +  3.00  W  -j- ys  X 

3.60  W  -  13.90  W  =  24,090,000  lbs. 

Each  anchor-arm  was  840  ft.  long  and  was  divided  into  seven  double 
panels,  and  there  were  seven  and  five-eighths  loads  to  be  considered;  con- 
sequently the  weight  of  trusses  and  laterals  therefor  would  be 

0.75  W  +  1.75  W  -\- 2.10  W  +  2.50  W  +  3.00  W  +  3.75  W  +  4.75  W  + 

Vs  X  5.75  W  =  22.19  W  =  38,455,000  lbs. 

This  weight  must  be  reduced  owing  to  the  fact  that  the  length  of  the 
cantilever-arm  is  only  six-sevenths  of  that  of  the  anchor-arm,  making 
r  =  0.857. 

r  =  ^(l-^r)=  ?M^j999  (1.857)  =  35,705,000  lbs. 

The  total  weight  by  the  curves  for  the  two  cantilever-  and  anchor- 
arms  is,  therefore, 

2  (24,090,000  4-  35,705,000)  =  119,590,000  lbs. 

The  total  weight  of  metal  given  in  the  published  estimate  for  trusses 
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and  laterals  for  the  two  cantilever-  and  anchor-arms,  after  deducting 
11,500,000  lbs.  for  weight  of  metal  in  the  anchorages  and  ignoring  the 
allowance  for  sundries  (which  was  properly  put  in  for  prudential  reasons) 
was  119,700,000  lbs.,  making  the  difference  110,000  lbs.,  or  about  one- 
tenth  of  one  per  cent. 

About  the  same  time  as  these  data  concerning  the  North  River  Bridge 
were  published,  the  author,  in  making  the  calculations  for  his  preliminary 
study  of  the  Quebec  crossing  of  the  St.  Lawrence  River,  obtained  a  par- 
tial check  on  the  curves  of  Fig.  25j,  for  he  computed  in  detail  the  weights 
of  metal  in  the  suspended  span  and  the  cantilever-arm,  estimating  the 
remaining  weights  from  the  curves.  The  error  found  for  the  cantilever- 
arm  curve  was  only  one  eighth  of  one  per  cent. 

In  the  design  prepared  some  years  ago  by  the  author  for  a  cantilever 
bridge  with  a  main  opening  of  1,830  feet  for  a  proposed  crossing  of  the 
Strait  of  Canso  between  Cape  Breton  Island  and  the  mainland  of  Nova 
Scotia,  Fig.  526,  another  close  check  on  the  curves  was  obtained. 

These  extremely  accurate  checks  might  lead  one  to  believe  that  the 
curves  are  absolutely  reliable  for  all  layouts  and  conditions;  but  such 
is  not  the  case,  because  since  they  were  published  in  De  Pontihus  the 
author  has  had  occasion  to  make  a  number  of  tests,  some  of  which 
varied  as  much  as  three  or  four  per  cent,  but  these  great  variations 
were  caused  by  peculiarities  in  the  panel  lengths  adopted  and  by 
variation  in  the  type  of  truss  between  the  suspended  span  and  the 
rest  of  the  structure.  At  any  rate,  the  reader  may  rest  assured  that  these 
curves  and  those  given  in  Figs.  55666  to  55mmm,  inclusive,  give  the 
most  accurate  data  yet  published  concerning  the  weights  of  cantilever 
bridges. 

Before  passing  to  the  subject  of  details  for  cantilever  spans,  some 
observations  will  be  made  concerning  a  number  of  the  largest  and  most 
important  cantilever  bridges  yet  built,  arranged  in  the  order  of  the  relative 
lengths  of  their  main  openings. 

The  longest  span  cantilever  bridge  which  has  ever  been  attempted 
is  the  one  across  the  St.  Lawrence  River  at  Quebec,  which  failed  a  few 
years  ago,  and  which  is  now  being  rebuilt  on  a  different  layout,  as  described 
later  in  this  chapter,  and  from  much  better  specifications. 

The  largest  cantilever  bridge  yet  built  is  the  one  at  Queensferry  over 
the  Firth  of  Forth  (Fig.  25A;),  the  main  portion  of  which  consists  of  two 
spans  of  1,710  feet  each,  with  central  spans  of  350  ft.  each  and  two  an- 
chor-arms of  690  ft.  each.  The  length  of  the  tower-span  over  the  centre 
piers  is  260  ft.,  and  that  of  each  of  the  two  other  tower-spans  is  145  ft., 
making  the  total  length  of  the  main  structure  5,330  ft.  The  design  for 
this  bridge  and  a  complete  history  of  its  construction  are  given  in  a  special 
work  published  by  Engineering  (London). 

The  exceptions  which  the  author  would  take  to  this  design  are  as 
follows : 
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First.  The  suspended  spans  are  just  about  one  half  as  long  as  they 
ought  to  be  for  both  appearance  and  economy. 

Second.  The  structure  should  have  been  made  pin-connected  for  both 
ease  of  erection  and  certainty  of  stress  distribution. 

Third.  A  single  system  of  cancellation  for  the  webs  of  the  girders 
would  have  been  more  scientific  than  the  double  system  adopted,  and 
would  not  have  been  any  more  expensive. 

Fourth.  The  structure,  as  a  whole,  from  the  point  of  view  of  Ameri- 
can engineers,  was  unnecessarily  expensive. 

On  the  other  hand,  though,  the  labor  involved  in  both  the  designing 
and  building  of  this  bridge  was  immense;  and  the  successful  completion 
of  the  structure  is  a  great  credit  to  all  concerned  in  its  designing  and 
construction. 

The  cantilever  bridge  having  the  next  longest  span  is  the  Blackwell's 
Island  Bridge  (Fig.  251)  over  the  East  River  in  New  York  City.  Starting 
at  the  west  end,  the  spans  are  as  follows:  an  anchor  arm  of  470  ft.,  a  span 
of  two  cantilever-arms  without  a  suspended  span,  giving  an  opening  of  1,182 
feet,  an  anchor  span  of  630  ft.,  a  span  of  two  cantilever-arms  without  a 
suspended  span,  giving  an  opening  of  984  ft.,  and  an  anchor-arm  of  459 
ft.,  making  a  total  length  of  bridge  proper  of  3,725  ft.  This  structure  has 
been  mentioned  before  in  this  chapter  and  has  been  criticized  for  the  false- 
ness of  its  lines  and  for  the  folly  of  omitting  the  suspended  spans  from 
the  main  openings,  thus  complicating  almost  beyond  comprehension  the 
computation  of  stresses  in  the  trusses.  It  was  bad  policy  to  carry  all 
the  load  by  tension  members  to  the  top  of  the  vertical  post  over  each 
pier  instead  of  using  inclined  struts  and  thus  dividing  the  load  between 
three  compression  members.  The  dead  loads  in  this  structure  were  un- 
der-estimated to  such  an  extent  that  serious  overstresses  exist  in  the  trusses. 
So  large  were  they  that,  as  before  stated,  it  was  decided  to  reduce  the 
total  load  by  not  putting  in  some  of  the  roadways  which  the  bridge  was 
originally  intended  to  carry. 

The  cantilever  bridge  with  the  next  longest  main  opening  is  the  Lands- 
downe  Bridge  (Fig.  25m)  over  the  Indus  River  at  Sukkur,  India.  It  con- 
sists of  a  single  span  of  820  feet  without  anchor-arms  (the  latter  being 
replaced  by  guys).  It  has  a  suspended  span  of  200  feet.  The  appear- 
ance of  this  bridge  is  bizarre  in  the  extreme,  and  the  structure  is  economic 
in  neither  weight  of  material  nor  cost  of  shopwork.  Cornpared  with  an 
American  bridge  of  the  same  span,  capacity,  and  strength,  the  weights 
of  metal  in  the  820  foot  span,  only,  would  be  about  in  the  ratio  of  1.33 
to  unity. 

Next  on  the  list  comes  the  Monongahela  River  Bridge  (Fig.  25n)  of 
the  Wabash  Railroad  at  Pittsburg,  Pa.,  with  its  main  opening  of  812  feet 
and  two  anchor-arms  of  346  feet  each,  making  a  total  length  of  1,504  feet 
between  centres  of  anchorages.  This  is  a  double-track  railway  structure 
and  is  built  to  carry  heavy  live  loads.     The  layout  is  of  pleasing  appear- 
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ance.  The  top  chords  of  the  suspended  span  are  horizontal  and  those 
of  the  cantilever-arms  and  anchor-arms  are  polygonal,  the  apices  being 
located  on  sightly  curves.  The  main  vertical  posts  are  double  with 
short,  horizontal  struts,  but  no  diagonals,  between  their  component  parts. 
The  length  of  the  suspended  span  is  360  feet  or  about  forty-four  (44)  per 
cent  of  the  total  main  opening,  which  is  quite  economical.  The  ratio 
of  length  of  anchor-arm  to  total  length  of  structure  is  0.23,  which 
is  but  little  greater  than  the  truly  economic  length.  The  distance  be- 
tween central  planes  of  trusses  is  thirty-two  (32)  feet  or  about  one 
twenty-fifth  (1/25)  of  the  spa.n.  The  tower  depth  is  one  hundred 
and  twenty-six  and  a  half  (126}-^)  feet,  or  between  fifteen  (15)  and 
sixteen  (16)  per  cent  of  the  length  of  the  main  opening.  This  bridge 
was  designed  by  Messrs.  Boiler  and  Hodge,  Consulting  Engineers,  of 
New  York  City. 

The  cantilever  having  the  next  longest  span,  viz.,  790  feet,  is  the  old 
railway  bridge  at  Memphis  over  the  Mississippi  River.  This  structure  is 
both  unsightly  and  uneconomical  of  material.  Its  layout  of  spans  is  un- 
fortunate (but  the  War  Department,  and  not  the  designer,  is  responsible 
for  this),  and  the  truss  depths  are  far  too  small  for  both  economy  and 
appearance  (see  Fig.  25o) .  For  the  latter  fault,  however,  the  War  Depart- 
ment cannot  be  blamed.  The  vaUdity  of  this  criticism  is  evidenced  by  the 
fact  that  the  truss  depth  of  the  new  bridge  (see  Fig.  25o)  is  a  little  over 
ten  feet  greater  than  that  of  the  old  structure,  while  the  principal  span 
lengths  remain  the  same. 

The  bridge  with  the  next  longest  opening  is  the  one  across  the  Ohio 
River  at  Beaver,  Pa.,  on  the  line  of  the  Pittsburg  and  Lake  Erie  Railroad, 
It  has  two  anchor-arms  of  320  feet  each,  two  cantilever-arms  of  242  feet 
each,  and  a  suspended  span  of  285  feet,  making  the  distance  from  centre 
to  centre  of  main  piers  769  feet.  It  was  designed  by  Albert  Lucius,  Esq., 
Consulting  Engineer,  and  was  built  by  the  McClintic-Marshall  Construc- 
tion Company  under  the  direction  of  Paul  L.  Wolf  el,  Esq.,  Chief  Engineer. 
As  can  be  seen  from  Fig.  25p,  the  appearance  of  the  structure  is  most 
aesthetic. 

Next  comes  the  Sewickley  Bridge  across  the  Ohio  River.  It  consists 
of  two  anchor-arms  of  300  feet  each,  two  cantilever-arms  of  200  feet  each, 
and  a  suspended  span  of  350  feet,  making  the  main  opening  750  feet. 
It  is  a  highway  structure  and  one  of  the  longest  of  that  class  in  the  can- 
tilever type  that  has  yet  been  constructed.  As  can  be  seen  from  Fig. 
25q,  its  outline  is  pleasing  and  its  layout  is  almost  perfectly  symmetrical 
about  the  central  vertical  transverse  plane.  The  span  lengths,  panel 
lengths,  and  truss  depths  adopted  show  that  economy  as  well  as  appear- 
ance was  studied  when  the  layout  was  prepared.  It  appears  that  there 
were  three  engineers  responsible  for  the  design,  viz.,  A.  G.  Chalfant,  Esq., 
County  Engineer  of  Allegheny  County,  G.  Gudmundsson,  Esq.,  Con- 
sulting Engineer,  and  A.  W.  Buel,  Esq.,  Consulting  Engineer. 
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Next  in  order  is  the  Ohio  River  bridge  at  Mingo  Junction  (Fig.  25r) 
designed  and  engineered  by  Messrs.  Boiler  and  Hodge  for  the  Wabash 
Railroad  Company.  It  is  laid  out  on  similar  lines  to  those  of  their  Mo- 
nongahela  River  bridge  and  presents  the  same  graceful  appearance.  Its 
central  opening  is  700  feet. 

The  next  on  the  list  is  the  Thebes  bridge  (Fig.  25s)  over  the  Missis- 
sippi River.  Beginning  at  the  west  end,  the  openings  are  as  follows:  a 
simple  span  and  a  cantilever-arm  aggregating  518  feet,  an  anchor-span 
of  521  feet,  a  main  opening  of  two  cantilever-arms  and  a  suspended  span 
aggregating  671  feet,  an  anchor  span  of  521  feet,  and  a  cantilever-arm 
and  simple  span  aggregating  518  feet,  in  all  about  2,750  feet.  The  ap- 
proaches are  of  concrete  arches.  The  bridge  proper  is  perfectly  sym- 
metrical about  its  middle  point,  but  the  approaches  differ  somewhat  in 
both  total  length  and  arch  openings.  The  symmetry,  of  course,  is  pleas- 
ing, but  the  structure  as  a  whole  is  too  squat  for  fine  appearance.  As 
before  stated  in  this  chapter,  the  appearance  could  have  been  much 
improved  by  putting  in  five  simple  spans,  all  but  the  middle  one  being 
alike,  and  that  being  in  outline  simply  an  enlargement  of  the  others.  The 
engineers  were  Ralph  Modjeski,  Esq.,  of  Chicago,  and  Alfred  Noble, 
Esq.,  of  New  York  City. 

Next  in  size  is  a  bridge  over  the  Rhine  at  Ruhrort,  Germany  (Fig.  250- 
It  consists  of  a  simple  span  of  221  feet  and  a  cantilever-arm  of  53  feet 
forming  one  opening,  an  anchor-span  of  421  feet,  two  cantilever-arms  of 
112  feet  each  and  a  suspended  span  of  443  feet  forming  a  main  opening 
of  667  feet,  an  anchor-span  of  399  feet,  and  a  cantilever-arm  of  53  feet 
and  a  simple  span  forming  an  opening  of  239  feet,  making  the  total  length 
of  structure  2,053  feet.  There  are  no  approaches.  The  outlines  of  the 
bridge  are  fairly  good,  but  the  truss  depths  throughout  are  far  too  small 
for  both  economy  of  metal  and  appearance.  The  towers  are  only  82 
feet  high,  and  the  truss  depths  are  less  than  one-tenth  of  the  span  lengths. 
The  shore  spans  have  pony  trusses,  but  all  other  spans  have  through 
trusses.  It  is  a  highway  structure  thirty-six  (36)  feet  wide  between 
central  planes  of  trusses  and  fifty-two  and  a  half  (52.5)  feet  wide  from 
out  to  out. 

Next  comes  the  Red  Rock  Bridge  (Fig.  25u)  over  the  Colorado  River 
on  the  Atlantic  and  Pacific  Railway,  now  a  branch  of  the  Santa  Fe  Sys- 
tem. It  was  designed  some  twenty-seven  years  ago  by  the  author,  and 
it  has  lately  been  remodelled,  because  the  live  loads  that  are  liable  to 
come  on  it  are  about  seventy-five  per  cent  greater  than  those  for  which 
it  was  figured.  It  consisted  originally  of  a  main  span  of  660  feet  and 
two  anchor-arms  of  165  feet  each,  the  length  of  the  suspended  span  being 
330  feet.  The  width  between  central  planes  of  trusses  is  25  feet,  and  the 
truss  depth  varies  from  55  feet  for  the  suspended  span  to  101  feet  for 
the  vertical  posts  over  the  main  piers.  The  bridge  was  designed  to  meet 
certain  conditions,  economy  in  first  cost  being  the  prime  requisite;   con- 
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sequently  the  subject  of  aesthetics  did  not  receive  great  consideration. 
Engineers  and  architects  differ  fundamentally  in  their  opinions  concern- 
ing the  architectural  effect  in  this  structure.  Some  approve  its  appear- 
ance; others  characterize  it  as  harsh  in  its  outUnes.  The  relations  be- 
tween lengths  of  suspended  span,  cantilever-arms,  and  anchor-arms,  and 
the  matters  of  width  and  depth,  although  very  hurriedly  determined,  have 
since  been  found  to  be  just  about  the  best  practicable.  This  bridge  is 
described  very  fully  in  the  Transactions  of  the  American  Society  of  Civil 
Engineers  for  1891. 

The  next  in  order  is  the  Marietta  bridge  (Fig.  2bv)  over  the  Ohio 
River.  It  is  a  highway  structure  on,  a  steep  grade,  and  is  irregular  in 
its  layout  of  spans.  Its  appearance  is  far  from  pleasing.  There  is  one 
opening  of  650  feet  covered  by  a  suspended  span  of  270  feet  and  two 
cantilever-arms  (one  of  80  feet  and  the  other  of  300  feet),  also  one  anchor- 
arm  of  130  feet  and  another  of  600  feet.  Besides,  there  are  two  simple 
spans  of  220  feet  each. 

Next  there  comes  the  Cernavoda  Bridge  (Fig.  2bw)  over  the  Danube 
in  Roumania.  It  consists  of  a  simple  span  of  295  feet  and  a  cantilever- 
arm  of  164  feet  forming  an  opening  of  459  feet,  an  anchor-span  of  459 
feet,  two  cantilever-arms  of  164  feet  each  and  a  suspended-span  of  295 
feet  forming  the  main  opening  of  623  feet,  an  anchor-span  of  459  feet, 
and  a  cantilever-arm  of  164  feet  with  a  simple  span  of  295  feet  forming 
an  opening  of  459  feet.  The  trusses  are  of  the  double  intersection  tri- 
angular type,  and  the  towers  are  accentuated  by  the  adoption  of  a  Uberal 
height.  Although  the  bridge  may  seem  odd  to  the  trained  eyes  of  Ameri- 
can engineers,  its  appearance  is  not  altogether  unpleasing,  because  the 
perfect  symmetry  of  its  entire  layout  is  quite  striking,  as  is  shown  in 
the  cut. 

Next  is  the  Inter-provincial  bridge  (Fig.  25a;)  over  the  Ottawa  River 
at  Ottawa,  Canada.  It  consists  of  one  anchor-arm  of  247  feet,  one  main 
span  of  556  feet,  one  anchor-arm  of  247  feet,  one  simple  span  of  247  feet, 
and  another  simple  span  of  140  feet.  Barring  the  irregularity  of  the 
QueV)ec  approach,  the  layout  is  rather  pleasing.  The  suspended  span  is 
309  feet  long,  which  is  too  great  for  economy,  and  the  main  vertical  posts 
are  90  feet  long.  The  bridge  carries  wagon,  street-railway,  and  pedestrian 
traffic. 

The  next  on  the  list  is  the  Poughkeepsie  Bridge  (Fig.  25y),  a  deck 
structure,  which,  besides  the  short  approach  spans,  consists  of  a  201  foot 
anchor-arm,  two  cantilever-arms  and  a  suspended  span  aggregating  548 
feet,  an  anchor-span  of  525  feet,  two  cantilever-arms  and  a  suspended 
span  aggregating  546  feet,  an  anchor-span  of  525  feet,  a  cantilever-span 
like  the  last  described,  and  an  anchor-span  like  the  one  first  mentioned. 
The  masonry  of  each  pier  extends  a  few  feet  above  extreme  high  water, 
and  upon  it  is  built  a  narrow  steel  braced  tower  with  vertical  legs.  As 
before  stated  in  this  chapter,  all  these  spans  should  have  been  simple 
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ones  and  of  the  same  length.  The  resulting  structure  would  then  have 
been  far  more  rigid  and  the  weight  of  metal  required  would  have  been 
a  little  reduced.  The  steel  towers,  while  possibly  less  expensive  than 
masonry  ones,  compress  much  more  under  Hve  load,  and,  consequently, 
are  not  as  satisfactory.  This  bridge  was  built  at  a  time  when,  on  account 
of  their  novelty,  cantilever  bridges  were  quite  popular,  and  when  there 
was  a  prevalent  impression  in  the  pubUc  mind  that  they  possessed  some 
inherent  virtues  which  rendered  them  superior  to  ordinary  structures. 

Next  in  order  comes  the  Yellow  River  bridge  near  Tsinanfu  on  the  line 
of  the  Tientsin-Pukow  Railway  in  China.  The  design  is  the  work  of 
German  engineers;  and  it  shows  their  earmarks,  for  the  trusses  are  of 
the  sub-divided  Warren  tj'pe  and  their  depths  are  abnormally  small. 
The  cantilever  portion  of  the  structure  consists  of  two  anchor-arms  of 
420  feet  each,  two  cantilever-arms  of  90  feet  each,  and  a  suspended  span 
of  360  feet,  making  the  length  of  the  latter  two-thirds  of  the  main  open- 
ing. It  is  claimed  that  this  proportion  "approximates  to  the  propor- 
tion of  greatest  economy,  and  yet  does  not  give  an  excessive  length  of 
suspended  span."  If  the  statement  is  correct  (which  the  author  thinks 
it  is  not),  it  is  due  to  the  fact  that  the  truss  depths  over  piers  are  far  too 
small  for  economy.  If  they  were  increased,  the  total  weight  of  metal 
would  be  lessened,  and,  consequently,  it  would  be  economic  to  lengthen 
the  cantilever-arms.  To  the  American  engineer's  eye  the  structure  is  too 
squat  for  aesthetics,  as  can  be  seen  from  Fig.  2bz.  The  bridge  is  in- 
tended to  carry  ultimately  two  standard  gauge  railway  tracks,  but  at 
present  only  one  is  laid,  being  placed  in  the  middle  with  a  footwalk  on 
each  side.  The  trusses  are  proportioned  for  only  one  track,  and,  when 
the  other  track  is  required,  duphcate  trusses  are  to  be  added  outside  of 
the  present  ones,  suitably  connected  to  the  old  trusses.  As  this  method 
of  providing  for  future  double-tracking  was  evolved  and  patented  by  the 
author  a  dozen  years  ago  in  the  United  States  and  Canada,  he  feels  that 
morally  he  has  a  mortgage  on  the  Chinese  structure;  but,  unfortunately, 
he  did  not  adopt  the  precaution  of  taking  out  his  patent  in  China. 

Next  in  size  comes  the  Long  Lake  Highway  Bridge  in  Hamilton  County, 
N.  Y.,  with  its  span  of  525  feet  between  centres  of  tower  posts,  the  canti- 
lever-arms and  the  suspended  span  all  being  of  the  same  length,  175  feet. 
This  bridge  is  of  unusual  design,  for  there  are  no  anchor-arms,  backstays 
running  back  to  anchorages  being  used  instead.  The  bridge  is  a  very 
light  highway  structure  built  as  cheaply  as  possible.  The  width  between 
central  planes  of  trusses  in  the  suspended  span  is  16  feet,  and  at  towers 
24  feet.  The  suspended  span  was  built  and  floated  into  position  upon 
a  raft  made  of  kerosene  oil  barrels.  It  weighed  only  forty  tons.  The 
cost  of  erecting  the  metalwork  of  this  bridge  was  only  $15  a  ton. 

Next  comes  the  Cormel  Ferry  bridge  (Fig.  25aa)  which  carries  the 
Callender  and  Oban  Railway  across  Loch  Etive,  Scotland.  To  Ameri- 
can eyes  this  bridge  has  a  peculiar  appearance.     Its  effect  is  striking,  and 
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the  pcrfoct  symmetry  of  the  structure  is  gratifying;  but  its  lines  are  too 
severe  for  beauty,  and  the  economics  of  the  design  are  worse  than  ques- 
tionable. The  design  of  the  metalwork  is  of  an  unusual  character. 
There  are  no  vertical  posts  over  the  main  piers,  but  instead  there  are 
large  battered  triangles  with  their  apices  projecting  some  fifty-four  (54) 
feet  beyond  the  centres  of  bearing  and  supporting  the  span  by  a  hinged- 
joint.  This  makes  the  length  of  each  anchor-arm  about  159  feet,  that  of 
each  cantilever-arm  146  feet,  and  that  of  the  suspended  span  232  feet. 
The  splaying  of  the  triangles,  which  was  really  unnecessary  for  stability, 
caused  an  extravagant  use  of  masonry  for  the  piers. 

The  next  is  the  Cincinnati  and  Newport  Highway  bridge  (Fig.  2566) 
over  the  Ohio  River.  Besides  the  simple  span  in  the  approaches  it  con- 
tains two  anchor-arms  of  252  feet  each  and  a  main  cantilever  span  of 
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Fig.  25aa.     Cormel's  Ferry  Bridge  Carrying  the  Callender  and  Oban  Railway  across 

Loch  Etive,  Scotland. 


520  feet,  the  length  of  the  suspended  portion  being  208  feet,  which  is 
almost  the  economic  length.  The  outlines  of  the  cantilever  portion  of 
the  structure  are  quite  good,  but  the  lack  of  symmetry  in  the  approaches 
detracts  from  the  general  appearance. 

Finally  on  the  Hst  comes  the  Tyrone  bridge  (Fig.  25cc)  over  the  Ken- 
tucky River  on  the  line  of  the  Southern  Railway.  It  consists  of  two 
steel  trestle  approaches  and  a  three-span  cantilever  having  a  main  open- 
ing of  520  feet  and  anchor-arms  of  208  feet  each,  besides  two  tower  spans 
of  about  thirt}^  feet  each.  The  structure  is  quite  synometrical,  but  the 
trussing  adopted  is  unusual  and  somewhat  unsightly  because  of  its  ir- 
regularity. 

Fig.  25dd  shows  a  view  of  the  new  Quebec  bridge  (now  under  con- 
struction) designed  by  the  engineers  of  the  St.  Lawrence  Bridge  Company, 
an  organization  founded  solely  for  the  building  of  this  structure  and  com- 
posed of  the  Dominion  Bridge  Companj^  of  Montreal  and  the  Canadian 
Bridge  Company  of  Walkerville,  Canada.  The  length  of  each  anchor- 
arm  is  515  feet,  that  of  each  cantilever-arm  580  feet,  and  that  of  the  sus- 
pended span  640  feet,  making  the  total  length  of  main  opening  1800 
feet.     While  the  layout  of  structure  can  scarcely  be  termed  aesthetic, 
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*  This  detail  of  construction  was  first  employed  by  the 
late  Joseph  Tomlinson,  Esq.,  C.E.,  a  noted  Canadian  en- 
gineer, in  a  design  for  this  same  crossing  made  some  two 
decades  ago. 
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its  very  massiveness  and  simplicity  give  it  a  rather  pleasing  appearance. 
As  it  is  a  contractor's  design,  its  layout  certainly  ought  to  be  economical; 
and  it  is  well  knoAvn  that  much  study  was  devoted  to  it.     The  length  of 
the  suspended  span  is  34%  of  the  main  opening, 
which  is  in  close  accord  with  the  economic  per- 
centage (38)  determined  by  the  author  in  1896. 

There  are  a  number  of  new  features  of  impor- 
tance in  this  design,  among  which  may  be  men- 
tioned the  floating  of  the  suspended  span  into 
position,  the  K  system  of  truss  cancellation,  the 
hinging  of  floor-beams  at  ends  for  »the  purpose 
of  obtaining  exactly  central  loading  of  the  trusses 
and,  consequently,  the  avoidance  of  secondary 
stresses  from  the  connection,  full  sphces  for  all 
compression  members,  the  omission  of  lateral 
bracing  in  top-chord  planes  and  the  consequent 
forcing  of  the  wind  stresses  to  the  lower  lateral 
system,  unprecedentedly  large  main  pedestals, 
the  banking  of  eye-bars  in  top  chords,*  the  truss- 
ing of  the  eye-bars  to  uphold  their  weight  between 
supp)orting  points,  the  connection  of  web  mem- 
bers by  pins  on  gravity  lines  but  eccentric  to 
the  panel-points,  and  the  use  of  double  floor- 
beams  to  comiect  to  the  main  vertical  posts. 

The  advantages  claimed  for  the  K  truss  by 
the  designers  of  the  new  Quebec  bridge  are  as 
follows : 

a.  Safety  to  life  and  property  during  erec- 
tion, as  well  as  economy  and  rapidity  in  con- 
struction. 

b.  Minimum  number  of  secondary  members, 
and  few,  if  any,  temporary  members  during 
erection. 

c.  The  division  of  web  stresses,  thus  reducing 
the  sections  of  the  web  members  to  more  practi- 
cal dimensions  and  simphfying  the  details. 

d.  Economy  of  material. 

e.  Improved  appearance. 
/.  Uniform  deflection,  reducing  the  secondary 

stresses. 

The  preceding  examples,  as  far  as  the  author 
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knows,  cover  all  cases  of  cantilever  bridges  having  central  openings  in 
excess  of  five  hundred  feet.  According  to  Merriman  and  Jacoby  there 
were  in  1907  at  least  forty  other  cantilever  bridges  of  all  kinds  in 
America.  Some  of  these  are  undoubtedly  of  historic  interest;  for  in- 
stance, C.  Shaler  Smith's  Kentucky  River  bridge,  C.  C.  Schneider's 
Niagara  River  bridge,  and  others  may  have  individual  peculiarities 
worthy  of  mention,  but  the  already  excessive  length  of  this  chapter  and 
the  general  space  limit  of  the  book  prevent  their  receiving  consideration. 

The  boldest  bridge  design  ever  made  is  undoubtedly  that  of  Charles 
Evan  Fowler,  Esq.,  C.  E.,  the  well-known  engineer-author,  for  a  cross- 
ing of  San  Francisco  Harbor.  It  was  prepared  in  1914,  and  has  only 
lately  been  issued  in  booklet  form.  The  proposed  bridge  starts  at  Tele- 
graph Hill  in  San  Francisco,  and  runs  to  Goat  Island,  which  it  crosses, 
and  then  passes  over  to  Oakland.  It  is  to  provide  for  two  steam-railway 
tracks,  two  electric-railway  tracks,  and  two  twenty-foot  driveways;  and 
the  estimated  cost  of  the  enterprise  is  $75,000,000.  The  most  interest- 
ing part  of  the  project,  of  course,  is  the  structure  from  Telegraph  Hill  to 
Goat  Island,  as  that  is  the  portion  involving  the  deepest  water  and  the 
most  difficult  foundations.  There  are  five  openings  in  this  length,  the 
three  intermediate  ones  being  all  alike  and  the  two  end  ones  being  the 
same  as  the  others,  except  that  one  cantilever-arm  in  each  is  omitted, 
as  the  outer  suspended  spans  of  the  structure  are  to  rest  on  the  shore 
piers.  Each  of  the  three  main  openings  is  covered  by  a  700-foot  sus- 
pended span  and  two  650-foot  cantilever-arms,  making  the  total  length 
thereof  2,000  feet.  Each  of  the  four  towers  has  a  length  of  250  feet, 
which  makes  the  total  length  of  structure  9,700  feet.  The  clear  height 
for  about  one  half  of  each  opening  is  150  feet,  the  bottom  chords  of  the 
cantilever-arms  being  curved  downwards  to  within  ^  few  feet  of  extreme 
high  water.  The  truss  depth  at  the  end  of  the  cantilever-arms  is  75 
feet,  and  that  at  the  centre  of  the  suspended  span  is  135  feet,  while  the 
towers  will  have  the  great  height  of  450  feet  from  centre  to  centre  of 
chords,  or  a  total  height,  including  the  50-foot  finials,  of  500  feet.  To 
provide  for  lateral  stability,  while  the  clear  space  between  the  trusses  of 
the  suspended  spans  is  65  feet,  that  at  the  towers  is  126  feet. 

There  will  be  four  solitary  piers  for  each  tower,  each  pier  being  the 
frustum  of  a  cone,  spread  in  order  to  obtain  the  requisite  bearing  resis- 
tance. Some  of  these  piers  could  be  sunk  by  the  pneumatic  process, 
but  others  would  have  to  be  put  down  by  open-dredging,  the  greatest 
depth  of  foundation  below  water  level  being,  probably,  as  much  as  two 
hundred  feet. 

Fig.  25ee  shows  a  map  of  the  main  crossing,  an  outline  elevation,  and 
plan  of  the  proposed  structure,  and  a  profile  of  the  eastern  approach; 
and  Fig.  25^  presents  on  a  larger  scale  a  side  elevation  and  a  cross-section 
of  the  structure  near  one  of  the  towers.  The  cuts  for  these  two  draw- 
ings and  that  for  Fig.  25A;A;  were  obtained  through  the  courtesy  of  Mr. 
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Fig.  25ee.    Proposed  Layout  for  a  Cantilever  Bridge  over  San  Francisco  Bay. 
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Fowler,  being  electrotypes  of  those  which  he  used  in  preparing  his  book- 
let entitled  "San  Francisco-Oakland  Cantilever  Bridge."  The  general 
lines  of  the  design  are  truly  graceful;  and  there  is  nothing  impracticable 
in  the  proposed  construction,  unless  it  be  the  raising  of  the  money  to 
build  it. 

Some  five  years  ago  the  author  was  requested  to  make  an  estimate 
of  cost  for  a  bridge  at  this  crossing  to  carry  either  a  double-track  elec- 
tric railway  alone,  or  that  and  a  wagonway,  the  only  datum  furnished  him 
being  a  Government  chart.  His  estimates  were  about  $9,000,000  and 
$12,000,000;  but  the  greatest  span  lengths  assumed  were  not  more 
than  half  of  those  in  Mr.  Fowler's  design,  which,  of  course,  are  not  the 
economic  ones  for  the  conditions,  but  are  those  which  he  must  have 
deemed  would  be  required  by  the  War  Department,  and  possibly  also  by 
the  City  of  San  Francisco.  The  author  had  an  idea  that  spans  of  one 
thousand  (1,000)  feet  and  less  would  be  permitted;  and  certainly,  there 
is  no  telling  what  the  United  States  Government  would  require  until  a 
layout  is  officially  submitted  to  its  engineers  with  a  formal  request  for 
approval. 

Mr.  Fpwler  deserves  great  credit  for  his  aesthetic  study  of  the  project; 
but,  if  he  has  any  hope  of  ever  seeing  it  consummated,  it  would  be  well 
for  him  to  reduce  his  loading  to  one  of  the  two  adopted  by  the  author, 
and  let  the  steam  railway  trains  enter  the  city  by  going  around  the  Bay. 
The  city  assuredly  needs  the  bridge  for  the  benefit  of  the  people  of  Oak- 
land, Berkeley,  and  the  other  near-by  residence  towns  and  districts;  and 
there  is  enough  of  that  class  of  business  today  to  pay  for  operation,  main- 
tenance, and  interest  on  ten  millions  of  dollars,  so  that  the  electric  rail- 
way bridge  would  probably  be  a  good  business  venture;  but  it  is  more 
than  doubtful  whether  the  wagon  and  automobile  traffic  would  paj^  for 
the  up-keep  of  the  required  roadway — and  certainly  it  would  not  be 
great  enough  to  provide  also  the  interest  on  the  additional  cost  of  con- 
struction that  it  would  involve. 

The  author's  estimate  may  be  entirely  wrong;  for  the  War  Depart- 
ment might  insist  on  the  adoption  of  much  longer  spans  than  those  he 
assumed.  This  question  of  minimum  span-length  is  a  most  important 
one  in  determining  the  cost;  and  its  settlement  on  a  reasonable  basis  might 
permit  some  kind  of  a  bridge  to  be  built  across  the  harbor  in  the  near 
future.  The  lighter  structure  would  not  need  more  than  four  or  five 
years  to  build,  while  Mr.  Fowler  estimated  on  ten  for  his  heavy  one. 

The  detailing  of  cantilever  bridges  differs  essentially  from  that  of 
simple  span  structures  in  only  the  five  following  connections: 

1.  Attacliment  of  suspended  span  to  cantilever-arm. 

2.  Transmission  of  wind  load  from  suspended  span  to  cantilever-arm. 

3.  Support  of  tower  columns  on  main  piers. 

4.  Attachment  of  anchor-arm  to  anchor  bars  and  to  anchor  piers. 

5.  Attachment  of  anchor  bars  to  anchorage  masonry. 
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Each  of  these  details  will  be  discussed  in  the  order  named. 

The  ordinary  method  of  attaching  the  suspended  span  to  the  canti- 
lever-arms is  by  means  of  long,  vertical  hangers  reaching  from  the  pin 
at  the  end  panel-point  of  the  top  chord  of  the  cantilever-arm  to  the  end 
pin  of  the  bottom  chord  of  the  suspended  span.  These  hangers  should  be 
rather  narrow,  thick  C3'e-bars  and  not  built  members,  because  of  the 
tendency  to  bend  them  in  case  that  they  fail  to  rotate  on  the  pins  under 
the  effects  of  changes  in  temperature  and  loading.  If  the  bearings  were 
kept  well  lubricated,  the  hinge  might  be  effective;  but  if  the  joint  binds 
hard,  the  hanger  will  bend,  and  hence  it  should  be  proportioned  to  resist 
the  combined  tension  and  bending.  As  an  eye-bar  can  bend  much  more 
readily  than  a  rigid  member,  it  is  preferable;  and  as  the  narrower  the 
bar  the  more  easily  it  will  spring,  it  is  advisable  in  most  cases  to  make 
the  section  narrow. 

Some  three  years  ago  when  the  Dominion  Bridge  Company  first  con- 
templated floating  into  position  the  suspended  span  of  the  new  Quebec 
Bridge,  the  author,  recognizing  the  necessity  for  making  the  connection 
quickly  so  as  to  avoid  as  much  as  possible  the  element  of  danger  from 
heavy  wind,  evolved  a  detail  that  would  permit  of  the  complete  attach- 
ment of  the  span  wdthin  ten  minutes  after  its  arrival  at  the  site.  He  sent 
the  said  detail  with  his  compliments  to  his  old  friend,  Phelps  Johnson, 
Esq.,  C.E.,  the  president  of  the  Dominion  Bridge  Company,  asking 
merely  that  he  be  given  credit  for  its  evolution.  Since  then  he  has  found 
occasion  to  adopt  it  for  his  proposed  bridge  over  the  entrance  channel 
to  Havana  Harbor,  but  in  that  case  the  hangers  are  short  and  wide,  hence 
the  joints  ■v\dll  have  to  be  kept  properly  lubricated. 

Fig.  25gg  illustrates  the  detail  sent  to  the  Dominion  Bridge  Company. 
Its  essential  characteristic  is  the  enlarging  of  one  half  of  the  pin  hole,  and 
elongating  it  also,  in  each  of  the  two  pieces  that  are  to  be  connected,  so 
that  if  the  span  be  floated  in  at  a  little  higher  elevation  than  the  final 
one,  the  enlarged  portions  of  the  holes  in  the  pieces  can  be  brought  op- 
posite each  other,  and  the  pin  can  be  pushed  through  by  electrical  power 
without  touching  the  eyes,  then  by  letting  water  quickly  into  the  barges 
the  span  can  be  dropped  so  that  the  pin  will  come  to  a  bearing  on  the 
tightly  fitting  portion  of  each  of  the  holes.  The  open  space  left  in  the 
other  half  of  the  pin  hole  can  do  no  harm,  provided,  of  course,  that  the 
metal  there  be  always  kept  properly  painted. 

An  effective  connection  of  the  suspended  span  to  the  cantilever-arm 
so  as  to  transmit  the  wind  load  is  not  an  easy  one  to  design.  Fig.  25hh 
shows  the  method  that  the  author  evolved  for  the  before-mentioned 
Havana  Bridge.  It  consists  in  carrying  the. wind  load  on  the  suspended 
span  from  the  end  lower  lateral  strut  by  a  special  strut  and  inter- 
mediate bracing  into  the  end  floor-beam  of  the  suspended  span,  which  beam 
is  made  double-webbed.  These  webs  are  slotted  and  properly  stiffened 
so  as  to  receive  loosely  in  a  vertical  direction  and  tightly  in  a  horizontal 
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one  a  large  tongue  extending  from  the  end  floor-beam  of  the  cantilever 
arm,  which  tongue  is.  very  rigidly  and  effectively  attached  to  the  double 
web  of  the  said  end  floor-beam.    This  tongue  cannot  receive  any  vertical 


Cantilever  Arm     Suspended  Span 


Fig.  2bgg.     Detail  of  Connection  between  Suspended  Span  and  Cantilever  Arm  for 

Quick  Erection. 

load,  but  it  will  take  the  wind  load  from  the  end  floor-beam  of  the  sus- 
pended span  to  the  end  floor-beam  of  the  cantilever  arm  without  causing 
any  unduly  great  stress  in  any  member  or  detail  of  the  bridge,  and  it  will 
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permit  of  the  free  expansion  of  the  suspended  span.  This  detail  will  be 
n^quired  at  the  expansion  end  only  of  tlic  suspended  span;  for  at  the  other 
end  no  longitudinal  movement  need  be  provided  for,  and  a  direct  con- 
nection can,  therefore,  be  used. 

In  Fig.  45a  is  shown  a  somewhat  different  detail  for  transferring  the 
wind  load  from  the  suspended  span  to  the  cantilever  arm.     It  was  evolved 


Canfile^r  Arm. 


iJle  ^'Ln«t/^-'^'-?/^  Suspended  Span 

FiQ.  25hh.     Detail  of  Connection  between  Suspended  Span  and  Cantilever  Arm  for 
the  Transmission  of  Wind  Loads. 
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by  Ralph  Modjeski,  Esq.,  C.E.,  for  the  Thebes  Bridge  over  the  Mississippi 
River. 

In  most  cantilever  bridges  the  columns  over  the  main  piers  rest  on 
ordinary  pedestals,  which  generallj^  are  not  lubricated;  hence  it  is  not 
at  all  sure  that  the  hinge  acts  effectively — in  fact  it  is  pretty  certain  that 
it  does  not.  Fig.  25w  shows  a  most  efficient  detail  for  this  connection, 
prepared  by  Albert  Lucius,  Esq.,  consulting  engineer  of  New  York  City, 
for  the  Beaver  Bridge,  which  structure  is  described  previously  in  this 
chapter.  Its  essential  feature  is  a  nest  of  segmental  rollers  in  a  cylin- 
drical shaped  bearing,  each  roller  having  bolted  to  it  at  each  end  a  plate 
with  toothed  ends  that  fit  into  a  rack  on  top  and  into  the  base  casting 
below.  Such  detailing  as  this  is  a  good  indication  of  the  progress  that 
has  been  made  of  late  years  in  bridge  designing  in  the  United  States,  and 
is  a  proof  that  bridge  building  can  now  very  properly  be  termed  a  science. 

In  the  Beaver  Bridge  there  was  perfected  also  the  method  of  attach- 
ing the  anchor-arm  to  the  anchor  bars  and  to  the  anchor  piers.  This 
anchorage  (see  Fig,  25jj)  takes  care  of  a  reversal  of  stress  due  to  the 
moving  load.  The  device  consists  of  a  heavy  steel  casting  arranged  to 
carry  three  wedges  which  support  a  frame  through  which  the  connecting 
pin  passes.  This  pin  is  anchored  to  the  masonry  by  eight  heav^^  eye- 
bars  and  supports  two  standards  or  rockers  which  extend  to  the  end  pin 
in  the  lower  chord.  This  permits  of  a  horizontal  motion  of  the  anchor- 
arm,  due  to  temperature  variations,  without  putting  bending  on  the 
anchor  bars.  These  bars  were  put  under  an  initial  tension  by  loading 
the  cantilever-arm  and  the  suspended  span  with  a  special  live  load  in 
excess  of  the  working  live  load.  Then  the  wedges  before  mentioned  were 
forced  tight  to  their  bearings  and  secured  in  place.  The  horizontal  com- 
ponent of  the  stress  in  the  rockers  is  taken  up  at  the  lower  pin  by  means 
of  jaws  and  a  slide  in  the  pedestal  casting;  and  it  is  thus  transferred 
directly  to  the  masonry. 

The  attachment  of  anchor  bars  to  the  anchorage  masonry  is  an  im- 
portant matter  and  requires  careful  detailing.  The  stress  in  the  eye- 
bars  must  be  transferred  to  the  masonry  in  such  a  manner  that  the  unit 
bearing  capacity  of  the  concrete  will  not  be  exceeded.  This  detail  was 
thoroughly  worked  out  in  case  of  the  aforesaid  Beaver  Bridge.  In  this 
case  the  load  on  the  anchor  bars  was  transferred  to  a  pin  which  was  car- 
ried by  an  inverted  shoe  having  a  large  base  area  and  bearing  against 
the  lower  side  of  an  I  beam  grillage  embedded  in  the  masonry  of  the  pier. 
This  grillage  has  sufficient  bearing  area  against  the  masonry  so  that  the 
unit  load  is  within  the  safe  limit. 

As  a  last  word  on  the  special  detailing  of  cantilever  bridges,  there  is 
herewith  reproduced  in  Fig.  25kk  a  tj'pical  cross-section  of  a  compression 
chord  member  in  Mr.  Fowler's  design  for  the  San  Francisco  Harbor 
Bridge,  together  with  the  make-up  of  the  sectional  area  thereof. 
This  octagonal  section  is  stiffer  than  the  ordinary  rectangular  one  and 


Fig.  2oii.     Main  Shoe  of  the  Beaver  Bridge. 


Fig.  25jj.    Anchorage  for  the  Beaver  Bridge. 
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much  better  for  connecting  to  than  the  circular  section  employed  in  the 
chords  of  the  great  Forth  Bridge.  One  of  its  special  advantages  is  that 
it  can  be  fabricated  in  sections  in  the  shop  and  built  up  into  final  shape 
in  the  field.  It  affords  ample  room  for  connecting  the  web  members  by 
either  gusset  plates  or  pins.     The  various  diaphragms  employed  stiffen 


Fig.  25kk.     Typical  Cross-section  of  Compression  Chord  for  Proposed  Cantilever 
Bridge  over  San  Francisco  Bay. 


the  section  so  that  it  is  even  stronger  in  its  individual  parts  than  as  whole. 
The  bending  due  to  the  great  unsupported  length  is  taken  care  of  by  the 
extra  plates  at  the  top  and  the  bottom  of  the  section.  Painting  on  the 
inside  is  cared  for  by  leaving  man-holes  in  the  diaphragms  so  that  all 
parts  of  the  metal  can  be  reached  by  the  paint  brush. 
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As  pointed  out  in  Chapter  I,  the  masonry  arch  is  one  of  the  oldest 
types  of  extant  bridges.  Its  use  has^continued  uninterruptedly  through- 
out the  ages  until  the  present  time,  but  it  is  now  rapidly  being  replaced 
by  the  reinforced  concrete  arch,  with  the  imminent  prospect  jthat_ere. 
long  it  will  not  be  employed  any  more.  On  this  account  and  because 
the  theory  of  its  stress  distribution  and  the  details  of  its  construction 
have  been  adequately  treated  in  a  number  of  standard  works,  such  as 
those  of  Howe,  Baker,  Cain,  and  Burr  in  America,  and  Sejourn^  and  others 
in  France,  no  attention  will  be  paid  to  it  in  this  chapter,  excepting  only 
to  remark  that  the  theory  which  locates  the  centre  line  of  pressures  is 
based  upon  assumptions  which  caimot  be  verified,  but  which  have  been 
proved  by  long  experience  to  be  sufficiently  accurate  for  all  practical 
purposes.  The  elastic  theory  is  applicable  to  the  masonry  arch  as  long 
as  there  is  no  tension  at  any  joint.  For  its  derivation  the  reader  is  re- 
ferred to  "Modern  Framed  Structures,"  Part  II.  Prof.  Wm.  H.  Burr, 
the  well-known  engineer-author,  in  the  Selected  Papers  of  the  Rensselaer 
Society  of  Engineers,  some  thirty-five  years  ago,  gave  a  very  satisfactory 
demonstration  of  the  method  of  locating  the  curve  of  pressures  in  the 
masonry  arch,  and  Professors  Cain  and  Howe  in  their  well-known  books 
on  arches  treat  the  subject  thoroughly.  Nor  will  the  reinforced  concrete 
arch  be  discussed  at  present,  as  its  treatment  will  be  covered  in  Chapter 
XXXVII.  To  devote  any  attention  at  all  to  the  subject  of  timber  arches 
would  involve  a  total  waste  of  both  book-space  and  readers'  time;  for 
such  constructions  have  become  so  antiquated,  and  the  conditions  conducive 
to  their  adoption  so  rare,  that  no  mistake  will  be  made  in  terming  them 
obsolete.  There  remain,  then,  only  metal  arches  with  which  to  deal; 
and  these  reduce  to  steel  ones,  as  nobody  to-day  would  think  of  adopting 
therefor  either  cast  or  wrought  iron. 

Arches  are  employed  very  generally  in  Europe  on  account  of  their 
superior  appearance  as  compared  with  simple-truss  bridges,  and  because 
of  the  powerful  influence  of  the  old  masonry  arch  upon  the  minds  of 
European  bridge  designers,  regardless  of  the  consideration  of  economy. 
American  engineers,  on  the  other  hand,  have  been  indifferent  to  the  ques- 
tion of  aesthetics,  and  have  preferred  simple  spans  to  arches  mainly  for 
reasons  of  simplicity  and  economy,  but  sometimes  on  account  of  their 
greater  rigidity.     Another  reason  why  the  arch  has  not  been  used  much 
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3  ,  Aerican  practice  is  that  the  conditions  which  make  it  economical 
a.  _|  met  with  as  frequently  in  this  comitry  as  in  Europe.  For  deep 
gort  ,  vdth  rocky  sides,  or  for  shallow  streams  \\dth  rock  bottom  and 
natu^  ^  abutments,  arches  are  eminently  proper  and  economical.  But 
when  a  jteel  bottom  chord  is  needed  to  take  up  the  thrust  between  spring- 
ing points,  all  the  economy  of  the  arch  vanishes.  ^^ 
y  The  advantages  of  the  arch  are  a  possible  economy  in  cost  of  metal  n 
and  an  aesthetic  appearance,  while  its  disadvantages  are  a  lack  of  rigidity 
and,  for  most  types,  an  uncertainty  concerning  the  stresses  in  the  members. 
^  Arches  are  sometimes  used  for  large  train-sheds,  in  which  their  archi- 
tectural effect  is  certainly  very  fine,  but  they  require  about  twice  as  much 
metal  as  do  cantilevered  trusses  supported  on  columns;  consequently 
they  should  be  adopted  only  when  appearance  is  an  extremely  important 
factor  in  the  design. 

When  bridge  foundations  have  to  be  built  on  piles  or  on  any  other 
material  that  is  liable  to  slight  settlement,  or  when  the  abutments  could 
possibly  move  laterally  even  a  mere  trifle,  it  is  not  proper  to  adopt  an 
arch  superstructure;  for  any  settlement  or  any  motion  whatsoever  in 
either  piers  or  abutments  would  upset  the  conditions  assumed  for  the 
computations,  and  thus  cause  to  be  increased  to  an  uncertain  amount 
some  of  the  stresses  for  which  the  superstructure  was  proportioned.  This 
criticism  does  not  apply  to  the  three-hinged  arch,  but  even  that  type 
requires  good,  solid  abutments  and  firm  foundations  for  piers;  because, 
while  a  vertical  settlement  of  the  supports  would  do  no  harm,  a  hori- 
zontal displacement  thereof  would  cause  a  lowering  of  the  crown,  which, 
if  unchecked,  would  overstress  the  metal  and  eventually  destroy  the 
structure. 

Arches  can  be  erected  on  falsework,  by  caiitil§vering,  or  by  building 
vertically  the  two  halves  and  lowering  them  by  cables  till  they  meet  at 
the  centre.  Whichever  of  these  methods  is  the  easiest  and  cheapest  is 
the  one  to  adopt.  A  very  easily  erected  arch  is  shown  in  Fig.  26a.  The 
pieces  marked  AB  are  temporary,  and  are  to  be  used  only  during  erection. 
They  can  be  made  of  timber,  so  as  to  be  removed  readily  after  the  arch 
is  coupled  at  mid-span,  or  they  may  be  of  steel  and  be  left  in  as  idle  mem- 
bers, solely  for  the  sake  of  appearance.  It  will  be  seen  from  the  diagram 
that  the  structure  is  a  cantilever  during  erection,  and  afterward  consists 
of  an  arch  span  and  two  simple  spans.  This  type  of  bridge  probably 
requires  a  little  more  metal  than  would  an  ordinary  arch  ^\^th  trestle- 
approaches,  and  possibly  is  not  quite  as  rigid  as  the  latter;  but  the  saving 
of  cost  in  erection  will  generally  much  more  than  offset  these  disadvantages. 
The  fact  that  the  arch  type  of  structure  lends  itself  readily  to  erec- 
tion by  cantilevering  is  one  of  the  strongest  reasons  for  its  employment 
in  bridge  building;  because  in  mountainous  countries  there  are  many 
gorges  to  cross  where  erection  by  means  of  falsework  would  necessitate 
excessive  expense. 
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There  are  four  cases  all  tokl,  so  far  as  the  number  of  hinges  is  co 
viz.: 

1.  Arch  without  any  hinges. 

2.  Arch  with  one  hinge  (at  crown). 

3.  Arch  with  two  hinges  (at  abutments). 

4.  Arch  with  three  hinges  (at  crown  and  abutments). 

In  Case  No.  4  there  are  no  temperature  stresses  nor  indetermina 
stresses  of  any  importance,  but  in  all  of  the  other  cases  there  are;  ai 
they  must  always  receive  due  consideration  in  proportioning  the  member 

All  things  considered,  the  author  prefers  to  adopt  the  three-hingec 
arch  for  railroad  bridges,  because  the  stresses  can  be  determined  as  accu- 
rately as  can  those  of  an  ordinary  truss  bridge,  and  because  of  the  absence 
of  temperature  stresses;  but  at  the  same  time  it  must  be  admitted  that  an 


Fig.  26a.     Layout  of  Arch  Span  with  Arch-like,  Simple-truss,  Flanking  Spans. 

arch  without  hinges  is  more  rigid  than  one  with  hinges,  and  that,  theo- 
retically, it  is  claimed  by  some  engineers  to  be  more  economical  of  metal. 
In  the  Engineering  Record,  Vol.  68,  page  321,  there  is  a  valuable  ar- 
ticle by  the  well-known  American  bridge  engineer,  Ralph  Modjeski,  Esq., 
treating  of  steel  arches.  He  disagrees  with  the  author  concerning  the 
best  type  of  arch  for  railroad  bridges,  preferring  two  hinges  to  three. 
However,  he  advocates  designing  such  structures  so  as  to  have  three 
hinges  for  the  dead-load  stresses  and  only  two  for  the  live-load  stresses; 
and  this,  in  ordinary  cases,  does  away  with  about  one-half  of  the  objection- 
able ambiguity  of  stress  distribution  in  the  two-hinged  arch.  It  is  ac- 
compHshed  by  putting  in  a  hinge  at  the  centre,  preferably  at  mid-truss 
depth,  erecting  the  metalwork  and  the  floor  so  as  to  bring  the  full  dead 
load  on  to  the  arches,  then  making  the  top  and  bottom  chords  continuous 
by  riveting  in  special  sections  thereof  designed  to  carry  the  greatest  pos- 
sible stresses  from  Uve  load  and  impact — and  in  some  cases  also  from  wind 
pressure.  The  resulting  construction  is  certainly  satisfactory.  For  high- 
way bridges,  in  which  the  assumed  live  loads  will  seldom,  if  ever,  be 
realized,  it  might  sometimes  be  best,  all  things  considered,  to  adopt  the 
arch  without  hinges,  so  as  to  obtain  the  greatest  possible  rigidity,  even 
at  the  expense  of  certainty  in  computing  stresses.  For  arched  train  sheds, 
the  two-hinged  arch  of  crescent  shape  will  generally  be  found  the  most 
satisfactory. 
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The  framing  for  arches  is  ordinarily  one  of  the  three  following  types: 

1.  Sohd-rib. 

2.  Braced-rib. 

3.  Spandrel-braced. 

The  solid-rib  type  consists  of  a  curved  plate-girder  rib,  carrying  the 
roadway  on  posts  resting  on  the  top  or  by  suspenders  hung  from  the  bottom 
— usually  the  former.     This  type  is  illustrated  in  Fig.  26i. 

The  braced-rib  type  consists  of  two  parallel,  or  nearly  parallel,  chords 
at  some  distance  apart,  connected  by  a  system  of  open  webbing,  the  road- 
way being  carried  in  either  of  the  ways  just  mentioned.  Fig.  26/  illus- 
trates this  type  with  posts  supported  on  the  arch. 

The  spandrel-braced  arch  is  applicable  only  to  deck  structures.  It 
consists  of  a  curved  bottom  member,  which  is  the  main  arch  rib,  a  hori- 
zontal top  chord  near  the  plane  of  the  floor,  and  web  trussing,  usually 
of  the  Pratt  type.  (See  Fig.  26a.)  A  special  case  of  the  spandrel-braced 
arch  is  the  cantilever  arch,  an  example  of  which  is  shown  in  Fig.  26Z. 

The  trussing  of  the  webs  of  the  ribs  should  invariably  be  of  single 
cancellation;  for  there  is,  in  all  conscience,  already  too  much  ambiguity 
in  arch  designing  to  warrant  still  further  complication  by  the  adoption 
of  a  multiple-intersection  system. 

In  respect  to  the  question  of  the  comparative  merits  of  half-arches 
of  the  lenticular  and  the  parallel  curve  types,  as  shown  in  Figs.  266  and 


FiQ.  266.    Three-hinged,  Lenticular,  Braced-rib  Arch. 

26c,  the  author  once  had  occasion  to  investigate  the  economics  of  the 
matter  for  a  260-foot  span,  and  found  that  the  weights  of  metal  required 
were  almost  exactly  the  same;  hence  he  adopted  the  parallel  curve  type 
for  aesthetic  reasons. 

Although  arches  without  hinges  are  quite  common  in  Europe,  there 
are  very  few  of  them  in  America,  the  most  noted  ones  of  this  type  being 
the  Oakland  Bridge  with  its  single  span  of  440  feet  at  Pittsburgh,  and 
the  Eads  Bridge  at  St.  Louis  with  its  three  spans,  one  of  520  feet  and  two 
of  502  feet  each.  The  longest  hingeless  arch  span  in  the  world  is  in  the 
Kaiser  Wilhelm  Bridge  at  IMungsten,  Prussia,  its  length  being  557  feet 
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between  tower  centres.  This  type  of  arch  almost  invariably  is  of  pleasing 
appearance,  as  any  one  who  has  had  the  opportunity  to  view  the  Eads 
Bridge  will  readily  testify.  Its  objectionable  features  are  the  unavoid- 
able ambiguity  of  stress  distribution,  the  high  temperature  stresses,  the 
immense  amount  of  labor  involved  in  making  the  computations,  the 
heavy  detailing  required  for  truly  fixing  the  ends  by  attaching  them  to 
the  masonry  of  the  piers  and  abutments,  and  the  baneful  effects  of  even 
the  slightest  motion  of  the  abutments  either  vertically  or  horizontally, 
especially  in  flat  arches.     It  is  claimed  that  hingeless  arches  require  less 


Fig.  26c.    Three-hinged,  Braced-rib  Arch  with  Parallel  Chords. 


metal  than  any  other  type;  but  the  author,  upon  general  principles  only, 
is  inclined  to  disagree  with  that  opinion.  He  has  never  had  occasion 
to  design  an  arch  without  hinges,  but  feels  quite  confident  that  if  he  should 
ever  figure  one,  he  would  find  that  a  proper  provision  for  excessive  tem- 
perature stresses,  possible  large  indeterminate  stresses,  unusual  detailing, 
heavy  anchor-bolts,  and  an  inherent  sense  of  fitness  in  proportioning 
sections,  would  so  increase  the  weight  of  metal  as  to  absorb  all  of  the 
theoretical  economy  over  the  three-hinged  arch  involved  by  the  smaller 
average  direct  stresses  as  shown  on  the  stress  sheets.  Were  it  not  for 
the  immense  amount  of  labor  required  and  for  the  lack  of  time  at  his 
disposal  for  the  finishing  of  the  manuscript  of  this  book,  the  author 
would  settle  this  question  finally  by  making  several  complete  detailed 
designs  and  computing  the  resulting  total  weights  of  metal.  A  correct 
comparison  could  be  obtained  in  no  other  way — moreover,  it  would  have 
to  be  made  by  an  expert  bridge  designer,  who  would  know  how  to  care 
properly  for  all  the  unusual  stresses  and  conditions.  No  short  cuts  to 
results  could  be  employed,  such,  for  instance,  as  multiplying  each  stress 
by  the  length  of  the  piece  and  summing  the  results. 

Hingeless  arches  may  be  constructed  of  either  the  solid-rib  or  the 
braced-rib  type;  but  the  spandrel-braced  type  does  not  lend  itself  readily 
to  that  class  of  structure,  because  the  ends  would  nearly  always  be  hard 
to  fix  and  because  it  would  be  very  difficult  to  make  the  preliminary 
approximations  of  sections  with  sufficient  exactness  at  the  first,  the  second, 
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or  possibly  even  the  third  trial,  thus  necessitating  an  almost  endless  amount 
of  computation  to  prepare  the  final  design.  In  "Modern  Framed  Struc- 
tures," Part  II,  will  be  found  the  mathematical  theory  of  the  hingeless 

arch,  covering  both  the  solid-rib  and  the 
braced-rib  types.  For  economy  the  rib  should 
be  shallow  at  the  centre  and  deeper  at  the 
ends,  and  this  provision  produces  the  most 
artistic  appearance  attainable.  It  can  be 
erected  as  a  one-,  two-,  or  three-hinged  arch, 
and  the  joints  can  afterward  be  riveted  up  at 
some  specified  temperature,  thus  reducing 
somewhat  the  stress  uncertainty,  especially  as 
the  effects  of  fabrication  and  construction 
errors  can  then  be  eliminated.  This  carrying 
of  the  dead  load  as  a  hinged  structure  theo- 
retically increases  the  amount  of  metal  re- 
quired, but  practically  the  smaller  amount 
needed  to  provide  for  uncertainty  of  stresses 
will  about  offset  the  excess. 

Until  lately  the  one-hinged  arch  has  been 
unknown  in  America,  although  it  has  been 
recognized  as  a  possibility;  but  in  the  May  19, 
1910,  number  of  Engineering  News  there  ap- 
peared a  design  by  Charles  Worthington,  Esq., 
M.  Am.  Soc.  C.  E.,  for  a  one-hinged  steel 
voussoir  arch  of  1,800  feet  span  to  replace  the 
Quebec  Bridge  that  failed.  This  is  one  of  the 
boldest  bridge  designs  ever  presented  to  the 
public;  and,  moreover,  unlike  some  of  its 
predecessors  in  novel  constructions  of  great 
magnitude,  it  appears  to  be  quite  feasible. 
The  designer's  presentation  of  his  project  is 
simple  and  clear,  but,  of  course,  his  estimates 
would  require  careful  checking  before  accept- 
ance. Fig.  2iid  gives  a  very  good  idea  of  the 
general  appearance  of  the  projiosed  structure. 

The  principal  novelties  of  the  design  are  as 
follows : 

First.  The  unprecedentedlj'  great  span 
length  for  arch  construction;  for  it  is  nearly 
twice  as  long  as  the  longest  arch  yet  built. 

Second.  The  use  of  steel  voussoirs  like 
those  of  stone,  and  the  non-reliance  on  the 
ribs  to  resist  bending.  This  idea,  however, 
in  a  way  is  not  new;   for,  as  stated  in  Chap- 
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ter  I,  cast-iron  voussoir  arches  were  built  in  Europe  before  wrought-iron 
bridges  came  into  vogue,  and  formed  the  connecting  hnk  between  the 
masonry  bridges  of  old  and  the  metal  bridges  of  the  present  time.  Mr. 
Worthington's  proposed  voussoirs  are  immense,  being  nine  (9)  feet  long, 
nine  (9)  feet  %\dde,  and  varying  from  twenty-one  (21)  feet  deep  at  the 
cro^vn  to  forty-three  (43)  feet  deep  at  the  skew-backs.  He  estimated 
upon  making  them  of  nickel  steel,  and  stressing  the  metal  up  to  28,000 
pounds  per  square  inch  in  compression,  which  is  about  the  intensity  that 
the  author,  in  his  paper  on  "Nickel  Steel  for  Bridges,"  shows  to  be  correct. 

Third.  The  assumption  of  a  certain  curve  to  suit  the  requirements 
for  underneath  clearance,  and  then  forcing  the  centre  lines  of  pressure 
for  dead  load  only  to  follow  exactly  the  centre  lines  of  the  voussoirs. 
This  was  to  be  accomplished  by  loading  the  four  arches  with  concrete 
wherever  it  might  prove  necessary.  Of  course,  such  loading  would  be  a 
bit  of  extravagance;  because  it  would  be  much  better  to  adopt  such  a 
curve  that  the  line  of  pressure  for  each  arch  would  follow  the  line  of  sym- 
metry without  forcing,  and  then  induce  the  Dominion  Government  to 
approve  the  lines  of  the  layout.  The  idea^  though,  is  a  clever  one,  and,  as 
such,  is  worthy  of  commendation. 

Fourth.  The  method  of  erecting  by  building  a  temporary  suspension 
bridge  of  steel  cables  and  lowering  from  it  the  voussoirs  is  novel  in  a 
way,  although  the  erection  of  truss  bridges  by  temporary  suspension 
structures  is  an  old  scheme.  The  magnitude  of  the  method  for  this  case 
is  somewhat  overwhelming,  for  the  cost  of  erection  would  be  immense; 
but,  on  the  other  hand,  the  salvage  would  be  proportionately  large,  be- 
cause the  ropes  would  be  very  little,  if  at  all,  injured  by  their  service. 

Fifth.  The  buttressing  of  the  abutments  by  immense  concrete  slabs 
carried  from  their  rear  below  the  ground  to  the  rocky  sides  of  the  ravine 
is  unique  and  perfectly  practicable.  Moreover,  it  ought  to  be  effective; 
for  the  expansion  and  contraction  of  deeply  buried  concrete  from  changes 
in  temperature  should  be  exceedingly  small. 

Sixth.  The  adoption  of  a  hinge  at  the  crown  ensures  that  at  that 
point  the  centre  of  pressure  will,  for  all  loadings,  lie  upon  the  line  of  sym- 
metry, which  is  not  the  case  in  masonry-arch  construction,  except  in  a 
few  instances  where  hinged  castings  with  pins  have  been  employed. 

Mr.  Worthington's  design,  as  can  be  seen  from  the  illustration,  is 
certainly  aesthetic;  and  in  this  particular  it  stands  out  in  vivid  contrast 
to  the  rather  inartistic  cantilever  design  evolved  by  the  Commission  of 
Engineers.  It  was  not  accepted  by  the  latter;  for,  as  was  stated  in  the 
preceding  chapter,  a  cantilever  bridge  of  the  K  system  of  cancellation 
was  adopted.  Whether  IVIr.  Worthington's  type  of  design  is  ever  put 
into  execution,  or  whether  it  is  economic  or  otherwise  in  comparison 
with  structures  of  other  types,  he  is  certainly  to  be  commended  for  the 
boldness  and  beauty  of  his  conception  and  for  the  clear  manner  in  which 
he  has  presented  it  to  the  engineering  profession.     Such  a  design  is  truly 
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a  credit  to  American  bridge  engineering;  and  it  should  be  a  source  of 
satisfaction  to  the  members  of  that  specialty  in  this  country,  in  that  it 
affords  a  basis  of  their  claim  that  American  bridges  in  general  are  inferior 
in  appearance  to  those  of  Europe  mainly  because  of  financial  restrictions 
and  not  on  account  of  any  deficiency  in  artistic  taste  among  American 
engineers. 

The  one-hinged  arch  is  fairly  rigid,  the  stresses  in  it  are  more  easily 
calculated  than  those  in  the  hingeless  arch,  the  results  of  the  computa- 
tions are  more  certain,  the  temperature  effects  are  less,  and  slight  move- 
ments in  the  supports  would  not  cause  such  excessive  increases  in  the 
stresses.  The  solid-rib  and  the  braced-rib  types  are  applicable  to  this 
type  but  not  the  spandrel-braced  rib. 

The  two-hinged  arch,  like  the  arch  without  hinges,  is  quite  conmion 


Fig.  26e.     Garabit  Viaduct  over  the  Truyere  River  in  France. 


in  Europe  but  rather  unusual  in  America.  It  is  not  as  rigid  as  those 
that  have  fewer  hinges,  and  its  temperature  stresses  run  high,  especially 
in  flat  arches,  but  by  no  means  as  high  as  those  in  the  hingeless  type. 
The  calculation  of  the  stresses  is  rather  long  and  tedious,  and  there  is 
some  uncertainty  involved  in  their  solution;  but  a  complete  analysis 
thereof  is  much  simpler  than  in  the  case  of  the  arch  without  hinges.  The 
stresses  are  increased  considerably  by  any  lateral  movement  of  the  sup- 
ports, the  tendency  of  any  such  motion  being  to  make  the  arch  act  like 
a  simple  truss.  It  can  be  designed  of  the  solid-rib,  braced-rib,  or  span- 
drel-braced type.  When  either  the  solid  rib  or  braced  rib  is  employed, 
the  theoretic  outline  would  require  the  depth  to  be  greatest  at  the  haunches, 
decreasing  somewhat  at  the  centre  and  reducing  to  zero  at  the  ends;"  but 
such  a  form  would  bo  unsightly.  The  crescent  shape  has  sometimes  been 
adopted,  as  in  the  Garabit  Viaduct  in  France.     That  arch  has  a  span 
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of  541  feet  and  a  rise  in  the  lower  chord  of  106  feet,  the  truss  depth  at 
the  centre  being  about  33  feet.     (Sec  Fig.  2Ce.) 

A  better  and  more  usual  method  is  to  make  the  ribs  of  constant  depth 
throughout,  as  in  the  case  of  the  840  foot  span  of  the  Niagara  and  Clifton 
Bridge,  shown  in  Fig.  20/,  or  in  that  of  the  510-foot  span,  solid-rib  arch 
of  the  Washington  Bridge  at  New  York  City.  The  end  panel  in  each 
of  these  cases  tapers  do^vn  to  a  point  at  the  pin.  In  other  cases  the  ribs 
have  been  made  deeper  near  the  ends,  as  in  the  case  of  the  977-foot  span 
of  the  Hell  Gate  Bridge  now  under  construction,  shown  in  Fig.  2Qg.  As 
this,  when  completed,  will  be  the  longest  arch  span  in  the  world,  it  is 


Fig.  26/.     Niagara-Clifton  Bridge  over  the  Niagara  River. 

worthy  of  a  full  description.  Its  designer,  the  noted  bridge  engineer, 
Gustav  Lindenthal,  Esq.,  was  kind  enough  to  furnish  the  author  with 
the  following  data  and  pictured  layout  for  the  bridge  and  its  approaches: 

Hell  Gate  Arch  Bridge 

Length,  1016'  10"     between  tower  faces, 

995'    1^"  from  centre  to  centre  of  bearings  on  naasonry, 
977'    6"  from  centre  to  centre  of  end  hinges. 
Rise  of  intrados,  220  feet. 
Height  of  top  chord  of  arch  above  elevation  of  end  hinges  at  end  posts,  140  feet; 

and  at  centre,  260  feet. 
Width,  60  feet  from  centre  to  centre  of  trusses;    93  feet  from  centre  to  centre 

of  raiUngs. 
Maximum  cross-sectional  area  of  bottom  chords,  1,385  square  inches. 
Heaviest  bottom  chord  section,    150  tons  (shipping  weight). 
Total  weight  of  steel  (high  carbon),  20,000  tons. 
Total  dead  load  per  Uneal  foot,  50,700  pounds. 
Live  load,  4  tracks,  Cooper's  E-60  loading. 


Arch  Bridge  Towers 

Reinforced  concrete  structure  with  granite  facing  over  all,  heavily  reinforced 
track  floor,  and  structure  architecturally  treated  with  granite  above  track 
level. 

Ward's  Island  Tower 

Founded  on  21  pneumatic  concrete  caissons  carried  down  to  rock  (15  cylindrical, 

18  feet  diameter,  and  6  rectangular,  30  ft.  X  41  ft.,  keyed  together). 
Maximum  depth  of  single  cais.son,  109  feet  below  mean  low  water. 
Total  foundation  masonry,  28,000  cu.  yds. 
Masonry  above  foundation  (concrete  and  granite),  38,000  cu.  yds. 
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Long  Island  Tower 

Founded  on  rock  (encountered  about  15  ft.  below  ground  surface). 

Total  foundation  masonry,  5,000  cu.  yds. 

Masonry  above  foundation  (concrete  and  granite),  37,300  cu.  yds. 

Dimensions  of  towers  at  ground  surface,  140  ft.  X  104  ft. 

Top  of  tower,  250  ft.  above  mean  low  water. 

Track  floor,  150  ft.  above  mean  low  water. 

Under  clearance  of  steel  structure,  140  ft.  above  mean  low  water. 
Largest  gussets,  (1)  120"  X  IVs"  X  17' 6". 
(6)  126"  X  IVs"  X  14'  6". 
Longest  rivets  (field),  1}4"  diameter  and  9J4"  grip. 

The  picture  shows  only  a  part  of  the  viaduct  on  each  side  of  the  arch 
span.  In  reaHty  the  bridge  and  its  approaches  are  over  18,000  feet  in 
length,  the  latter  consisting  of  concrete  arches,  plate-girder  viaducts,  bas- 
cule spans  (over  the  Bronxkill),  and  an  inverted  bow-string  bridge  about 
1,000  feet  long  over  Little  Hell  Gate,  the  whole  work  requiring  about 
90,000  tons  of  steel  and  about  460,000  cubic  yards  of  masonry. 

The  bridge  itself  is  certainly  of  aesthetic  appearance,  and  it  reflects 
great  credit  upon  the  artistic  ability  of  its  designer.  The  deep  trusses 
at  the  ends  were  evidently  adopted  for  the  sake  of  appearance;  and  it 
would  be  interesting  to  know  how  much  metal  and  money  could  have 
been  saved  by  making  the  arch  of  crescent  form. 

Other  two-hinged  arches  of  long  span  are  to  be  found  in  the  Bonn 
Bridge  across  the  Rhine  in  Germany,  which  structure  has  a  span  of  614 
feet,  in  the  Diisseldorf  Bridge  over  the  same  river,  with  its  two  arched 
openings  of  595  feet  each,  and  the  Grand  Trunk  Railwaj^  Bridge  over 
the  Niagara  Gorge  with  its  550-foot  span.  The  latter  is  an  example  of 
the  two-hinged,  spandrel-braced  arch. 

In  two-hinged  arches  the  lower  chord  is  usually  either  circular  or 
parabolic,  the  latter  form  being  the  more  economic.  The  calculations  are 
made  by  the  general  method  of  deflections  given  in  the  standard  treatises 
on  bridge  stresses.  As  before  mentioned,  two-hinged  arches  can  be  erected 
as  three-hinged  ones  for  the  dead-load  stresses  and  then  made  continuous 
at  the  crown  for  the  live-load  stresses.  In  such  cases,  for  spandrel-braced 
arches  there  is  an  increase  in  weight  if  the  temporary  hinge  be  placed  in 
the  bottom  chord  and  a  slight  saving  if  it  be  placed  in  the  top  chord. 
This  addition  of  a  temporary  hinge  is  generally  desirable. 

The  three-hinged  type  of  arch  is  the  least  rigid  of  all  the  types,  but 
is  otherwise  the  most  satisfactory;  for  the  temperature  stresses  are  prac- 
tically nil,  being  confined  to  those  caused  by  the  decrease  in  the  effective 
rise  of  the  arch  due  to  falling  temperature.  The  stresses  caused  by 
slight  lateral  movements  of  the  supports  are  of  the  same  nature  and  small, 
and  there  is  no  ambiguity  of  stress  distribution  whatsoever  anywhere  in 
the  structure.     The  calculations  of    stresses  are  simple   and,  compara- 
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tively  speaking,  not  lengthy,  the  best  method  therefor,  when  the 

arc  open-webbed,  being  to  place  a  unit  load  at  each  pancl-jioint 

find  by  graphics  the  stresses  caused  by 

it  in  all  the  truss  members,  taking  care 

to  note  for  each  stress  whether  it  is 

tension  or  compression,  then  to  record 

all  the  stresses  from  the  various  uni( 

U)ads  in  a  table.     By  using  a  slide  rule 

the   stresses   due   to   the  actual  loads 

can   easily    be    found,  then  tabulat(Hl 

and  summed,  care  being  taken  in  the 

summation  to  ignore  all  impossible  or 

extremely    unlikelj^    combinations    of 

live  loads.     It  may   be  necessary   to 

use  different  panel  dead  loads  at  the 

various     panel-points,     especiall}'^     in 

long-span    bridges.      The    unit    load 

method    of    figuring    the    stresses    is 

specially   applicable  to  this  condition 

of  unequal  loading. 

Three-hinged  arches  can  be  of 
the  solid-rib,  the  braced-rib,  or  the 
spandrel-braced  type.  Where  the  two 
first-mentioned  types  are  employed, 
the  theoretic  outline  is  narrow  at  the 
crowTi  and  springing  points  and  deeper 
at  the  haunches.  Such  an  outline  has 
been  used  occasionally,  as  in  the  460- 
foot  span  of  the  Austerlitz  Bridge 
over  the  Seine  in  Paris,  in  the  363- 
foot  span  of  the  Alexander  III.  Bridge 
at  the  same  location,  and  in  a  few 
structures  of  novel  form  such  as  the 
Assopos  Viaduct  in  Greece.  The 
Austerlitz  Bridge,  Fig.  26/i,  should  be 
noted  particularly,  because  in  it  the 
end  hinges  are  placed  at  some  dis- 
tance from  the  skew  backs,  the  ribs 
being  fixed  to  the  abutments.  The 
increased  haunch  thickness  is  not 
graceful;  and  it  has  been  more  usual 
to  make  the  ribs  of  constant  depth  as 
in  the  plate-girder  ribs  of  the  340- 
foot  span  of  the  author's  bridge  over 
the  Waikato  River  at  Hamilton,  New 
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Fig.  26i.     Arch  Bridge  over  the  Waikato  River  at  Hamilton,  N.  Z. 


Fir,.  26j.     Canadian  Northern  Pacific  Railway  Bridge  over  the  Fraser  River  at  Lytton, 

B.C. 
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Zealand,  shown  in  Fig.  2Qi,  and  in  the  540-foot,  open-webbed  span  of 
the  Bellows  Falls  Bridge  over  the  Connecticut  River.  In  most  of  the 
bridges  of  this  class  the  end  panels  of  each  rib  adjacent  to  the  pins  bevel 
down  to  meet  the  pin  theoretically  at  a  point;  but  in  the  Bellows  Falls 
arch  this  construction  is  employed  at  the  ends  only,  making  the  depth  of 
truss  elsewhere  constant,  thus  adding  to  the  appearance  of  the  structure. 
The  pin  at  the  crown  is  carried  by  special  web  members. 

The  three-hinged,  spandrel-braced  arch  is  similar  in  appearance  to  the 
two-hinged.  The  hinge  is  usually  placed  in  the  bottom  chord,  as  in  the 
456-foot,  wrought-iron  spans  of  the  Lake  Street  Bridge  over  the  Mis- 
sissippi River  at  Minneapolis,  in  the  author's  425-foot  steel  span  over  the 


Fig.  26k.     Arch  Bridge  over  the  Waikato  River  at  Cambridge,  N.  Z. 


Fraser  River  on  the  line  of  the  Canadian  Northern  Pacific  Railway  in 
British  Columbia,  shown  in  Fig.  26;,  and  in  the  author's  290-foot  span 
of  the  Cambridge  Bridge  over  the  Waikato  River  in  New  Zealand,  illus- 
trated in  Fig.  26k.  According  to  Merriman,  however,  there  is  a  saving 
of  metal  effected  by  raising  the  crown  hinge.  He  analyzed  the  two- 
hinged,  spandrel-braced  Niagara  arch  and  found  a  saving  of  main  sec- 
tions amounting  to  0.8  per  cent  by  the  use  of  a  crown  hinge  in  the  lower 
chord,  one  of  8.8  per  cent  by  placing  it  midway  between  the  chords,  and 
one  of  11.8  per  cent  by  putting  it  in  the  top  chord.  This  comparison  does 
not  include  the  weight  and  extra  cost  of  the  crown  hinge,  which  in  all 


ARCH    inilDGES 


631 


probability  will  ovorcome  the  saving  in  the  first  case  and  reduce  it  some- 
what in  the  last  two.  These  results  appear  surprising  to  the  author,  not 
only  because  of  the  great  variation  involved  by  locating  the  pin  at  different 
jilaees,  but  also  because  the  general  opinion  of  bridge  engineers  is  that, 
theorcticaUy  at  least,  the  two-hinginl  arch  requires  on  the  average  somewhat 
smaller  sectional  areas  of  truss  members  than  the  three-hinged  arch. 

In  the  design  of  the  225-foot,  spandrel-braced  arch  over  the  Menomi- 
nee Kiver  in  Michigan,  a  parabolic  lower  chord  was  first  tried  with  the 
crown  pin  on  its  centre  line;  then  later  there  was  worked  out  a  design 
with  hyjierbolic  bottom  chord  and  the  hinge  half  way  between  the  chords. 
This  partly  avoided  the  reversing  stresses  in  the  spandrel  members  and 
secured  a  much  lighter  structure.  A  third  design  with  hyperbolic  lower 
chord  and  pin  located  thereon  was  then  tried,  the  resulting  weight  of 
metal  proving  to  be  intermediate  between  the  other  two.  The  hyper- 
bolic curve  wath  crown  hinge  midway  between  chords  was  finally  adopted. 

The  savnng  in  weight  by  raising  the  crown  pin  is  probably  due  to  the 
following  causes: 

1.  The  horizontal  thrust  is  lessened  and,  consequently,  its  effect  on 
the  arch  members  throughout  is  reduced. 

2.  There  is  an  avoidance  of  some  reversion  of  stresses. 

3.  With  the  pin  on  the  bottom  chord  there  are  certain  members  of 
the  top  chord  and  of  the  web  near  mid-span  which  have  excessive  section; 
and  the  raising  of  the  hinge  brings  this  idle  metal  into  play  and  at  the 
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Fig.  261.     The  Viaur  Viaduct  in  France. 


same  time  reduces  the  stresses  in  the  bottom  chords  for  several  panel 
lengths  on  each  side  of  the  centre. 

The  author's  reason  for  placing  the  crown  hinge  on  the  bottom  chord 
was  that  it  appeared  to  him  logical  and  in  line  with  aesthetics,  but  he  is 
now  convinced  that  he  was  wrong  in  so  doing.  However,  the  only  dis- 
advantage that  his  spandrel-braced  arch  bridges  possess  is  a  lack  of  econ- 
omy that  is  far  from  being  excessive.  In  his  plate-girder  arches  the 
crown  pin  was  always  placed  at  mid-depth  of  web.  In  the  721-foot  span 
of  the  Viaur  Viaduct  in  France,  shown  in  Fig.  2QI,  it  was  located  at  the 
same  position. 

There  is  now  being  built  at  Cleveland,  Ohio,  over  the  Cuyahoga  River, 
what  is  known  as  the  Detroit-Superior  Bridge,  so-called  because  it  is  to 
connect  Detroit  and  Superior  avenues.  This  structure,  on  which  the 
author's  firm  was  retained  as  consulting  or,  more  strictly  speaking,  ad- 
visory engineers,  contains  a  three-hinged  arch  span  of  591  feet,  having 
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lines  somewhat  like  those  of  the  great  Hell  Gate  Arch,  as  can  be  seen 
by  the  layout  shown  in  Fig.  26m.     Its  most  notable  features,  in  addition 

to  the  general  truss-outline,  are  the 
details  of  important  members,  the  un- 
usual truss  and  floor  connections,  the 
double-deck  arrangement  with  four  can- 
tilevered  sidewalks,  the  wide  driveways 
with  their  six  electric  car  lines,  the 
heavy  loads  assumed  and  the  various 
combinations  of  them  provided  for,  and 
the  joint  use  of  carbon  and  nickel  steels. 
The  main  trusses  are  about  49  feet 
apart,  and  their  depths  vary  from  20 
feet  at  the  crown  to  91  feet  at  the  ends. 
The  rise  of  the  bottom  chords  is  144 
feet,  and  the  vertical  clearance  above 
low  water  is  96  feet. 

The  special  type  of  spandrel-braced 
arch  known  as  the  cantilever  arch  has 
already  been  mentioned.  It  consists 
usually  of  a  central  span,  which  is  a 
spandrel-braced  arch,  and  two  shorter 
end  spans,  each  of  which  is  apparently 
a  half  arch  of  the  same  type,  but  in 
reality  consists  of  a  cantilever  arm  ad- 
jacent to  the  arch  and  a  suspended 
span  resting  on  the  cantilever  arm  at 
one  end  and  on  the  abutment  or  pier  at 
the  other.  Two  well-knowTi  examples 
of  this  type  of  construction  are  the  Viaur 
Viaduct,  above  mentioned,  and  the  Rio 
Grande  Bridge  of  the  Pacific  Railway 
of  Costa  Rica.  The  Viaur  ^'iaduct  has 
a  central,  three-hinged,  spandrel-braced 
arch  of  721  feet  span,  and  two  end 
spans  each  311  feet  long,  each  cantilever 
arm  having  a  length  of  228  feet  and 
each  suspended  span  a  length  of  83 
feet.  The  Rio  Grande  Bridge  has  a 
central,  two- hinged,  spandrel -braced 
arch  of  449  feet  span,  and  two  end  spans 
of  118  feet  each,  the  lengths  of  the  can- 
tilever arms  being  47  feet  and  those  of 
the  suspended  spans  71  feet. 

The  cantilever  arch  is  well  adapted 
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to  certain  localities.  It  reduces  consi(leral)ly  the  horizontal  thrust  on 
the  arch  pier,  and  probably  lessens  somewhat  the  weight  of  the  arch 
span.  The  total  vertical  movement  of  the  central  point  of  the  latter  is 
somewhat  greater  than  would  be  that  of  the  corresponding  ordinary  arch 
of  the  three-hinged  or  the  two-hinged  type ;  but  the  deflection  under  any 
live  load  on  the  central  span  is  only  a  little  greater.  It  is  well  adapted 
to  erection  by  the  cantilever  method,  the  cantilever  arm  and  the  sus- 
{)ended  span  being  connected  to  one  continuous  truss  during  this  operation. 
Fig.  26/  illustrates  clearly  the  principle  of  the  cantilever  arch  bridge. 

Concerning  the  relations  between  the  principal  dimensions  for  arch 
bridges  of  various  types  but  little  can  be  said,  for  the  reason  that  but 
little  is  known.  In  most  cases  the  length  of  span  and  the  rise  are  deter- 
mined by  the  existing  conditions  at  the  crossing.  For  any  given  span, 
the  greater  the  rise  the  less  the  effect  of  uniform  load  stresses;  but  such 
a  variation  has  little  or  no  effect  on  the  partial  load  stresses.  Again, 
for  any  given  span  and  rise,  the  arch-rib  depth  does  not  afTect  the  uniform 
load  stresses  materially,  while  it  does  so  affect  the  partial  load  stresses; 
and  as  the  maximum  moments  from  the  latter  are  much  less  than  the 
moments  in  a  simple  span,  it  results  that  the  depth  of  an  arch-rib  for 
economy  of  material  will  be  very  much  less  than  the  best  depth  for  an 
ordinary  truss  of  the  same  span. 

Hard  and  fast  rules  for  the  minimum  spacing  of  outer  arches  of  bridges 
for  various  spans  and  rises  cannot  well  be  given.  The  narrower  the  struc- 
ture, within  reasonable  limits,  the  less  the  cost,  but  the  less  also  the 
rigidity  and  the  lateral  resistance  to  overturning  from  wind-pressure. 
In  the  260-foot  span  mentioned  on  page  620,  the  author  made  the  distance 
between  central  planes  of  arches  twenty-two  feet,  which  was  as  small  a 
distance  as  he  dared  to  adopt,  notwithstanding  the  fact  that  economy  of 
first  cost  was  an  important  factor  in  the  design.  An  approximate  rule  to 
work  by  might  be  to  make  the  perpendicular  distance  between  outer 
arches  at  springing  points  not  less  than  one  third  of  the  height  from 
springing  point  to  grade. 

For  an  arch  structure  in  which  it  is  either  difficult  or  impossible  to 
secure  a  sufficient  rise  and  still  keep  the  crown  below  the  roadway,  one 
of  the  rib  t3T)es,  preferably  the  braced  rib,  should  be  adopted,  and  the 
centre  portion  of  the  rib  should  be  allowed  to  rise  as  high  above  the  road- 
way as  is  necessary  for  vertical  clearance  and  overhead  bracing.  In  the 
United  States  the  deck  arch  bridge  is  the  one  commonlj^  employed,  as 
the  arch  there  has  been  adopted  ahnost  always  for  the  crossing  of  deep 
gorges;  but  the  use  of  the  suspended  floor  is  very  common  in  Europe, 
where  the  arch  is  frequently  utilized  for  ordinary  types  of  crossings. 

The  appUcation  of  the  arch  to  very  long  spans  has  occasionally  been 
advocated  with  considerable  plausibility,  Imt  has  met  with  little  response. 
Mr.  Worthington's  design  for  a  span  of  1,800  feet  has  already  been  de- 
scribed and  discussed.     Mr.  C.  R.  Grimm,  in  a  paper  presented  to  the 
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American  Society  of  Civil  Engineers  and  printed  in  its  Transactions  for 
1911,  made  a  plea  for  the  use  of  long-span  arches  of  crescent-shaped  ribs, 
claiming  a  decided  advantage  in  both  appearance  and  economj^  for  them 
over  the  cantilever  and  suspension  types  of  construction;  but  many  of 
the  engineers  who  discussed  the  paper  disagreed  with  his  views,  deeming 
the  other  types  to  be  preferable,  or  at  least  that  Mr.  Grimm  had  failed 
to  present  convincing  proof  of  the  correctness  of  his  claims.  Mr.  R.  S. 
Buck,  who  is  well  known  in  the  United  States  and  Canada  as  a  bridge 
engineer,  said  that  an  arch  of  the  rib  type,  such  as  that  in  the  Niagara 
and  Clifton  Bridge,  is  subjected  occasionally  to  very  severe  vibrations 
under  live  load,  and  that  Mr.  Grimm's  crescent-shaped  ribs  would  be 
still  worse  in  this  respect.  Mr.  Buck  prefers  the  spandrel-braced  arch 
for  such  structures. 

The  stress  calculations  for  arches  have  been  referred  to  previously. 
Any  complete  presentation  of  them  is  beyond  the  scope  of  this  treatise. 
There  are  a  number  of  books  which  give  very  good  analyses,  but  Part 
IV  of  Merriman  and  Jacoby's  book  and  Part  II  of  "Modern  Framed 
Structures"  have  been  the  texts  usually  followed  in  the  author's  office, 
the  treatment  offered  in  the  latter  being  generally  preferred,  particularly 
for  two-hinged  and  three-hinged  arches.  The  analysis  is  given  in  that 
book  completely  for  both  the  solid  and  the  braced-rib  tj^pes,  and  some 
illustrative  examples  are  worked  out.  For  the  analysis  of  the  two-hinged 
arch,  a  complete  mastery  of  the  principles  explained  therein  on  pages 
148-150,  Arts.  135  and  136,  is  advisable,  as  their  employment  will  shorten 
materially  the  labor  of  calculating  the  stresses.  The  same  points  are 
brought  out  on  pages  255-269  of  Part  IV  of  Merriman  and  Jacoby's  book, 
although  in  a  slightly  different  form.  The  device  of  summing  the  results 
for  two  symmetrical  panels  was  evolved  by  the  noted  bridge  expert, 
Theodore  Cooper,  Esq.,  when  making  his  computations  for  the  Rio  Grande 
Arch  in  Costa  Rica.  They  may  be  found  in  the  Engineering  Record,  Vol. 
16,  page  434,  for  November  8,  1902,  or  in  Skinner's  "Details  of  Bridge 
Construction,"  Part  I,  page  78.  The  use  of  two  symmetrical  loads,  as 
suggested  in  "Modern  Framed  Structures,"  serves  a  similar  purpose. 

The  exact  method  of  selecting  an  equivalent  uniform  live  load  for  an 
arch  span  is  explained  on  page  126  of  the  book  last  mentioned;  but  it 
will  nearly  always  be  satisfactory  to  take  the  equivalent  uniform  load 
for  a  simple  span  having  a  length  of  three-quarters  of  that  of  the  arch 
span,  and  compute  the  stresses  with  the  full  panel  loads  derived  therefrom. 

The  stresses  in  arches  due  to  wind  loads  require  careful  analysis. 
"Modern  Framed  Structures"  treats  the  subject  quite  well  for  ribs  lying 
in  vertical  planes.  The  stresses  in  arch  bridges  with  ribs  lying  in  planes 
inclined  to  the  vertical,  so  far  as  the  author  is  aware,  are  not  treated  in 
any  text-book;  and  the  only  discussion  of  the  subject  known  to  have 
appeared  in  print  is  one  by  J.  Ensink,  Esq.,  C.  E.,  in  Engineering  News, 
Vol.  61,  page  659  for  May  21,  1910.     That  treatment  handles  the  prob- 
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lem  completely  for  the  three-hinged,  spandrel-braced  arch.  The  general 
method  there  exjilained  could  be  apj^lied  to  the  two-hinged  and  the  hinge- 
less  arches,  although  the  work  of  figuring  the  stresses  in  the  arch  mem- 
bers would  be  quite  laborious.  This  inclining  of  the  arches  so  as  to  bring 
their  tops  close  together  and  to  spread  them  below  is  an  important  feature 
of  arch-bridge  construction  in  that  it  adds  greatly  to  the  rigidit}^  of  the 
structure  and  reduces  the  total  weight  of  metal.  On  the  other  hand,  it 
adds  a  trifle  to  the  pound  cost  of  manufacture,  but  not  enough  to  offset 
the  saving  in  weight.  In  the  author's  425-foot  span  of  the  Fraser  River 
Bridge  this  expedient  was  adopted. 

Anj'  arch  structure,  especially  when  the  ribs  lie  in  vertical  planes, 
shows  a  decided  tendency  to  vibrate;  hence  the  lateral  bracing  should  be 
very  rigid.  In  the  spandrel-braced  type  there  should  be  an  upper  lateral 
sj'stem  connecting  the  top  chords,  a  vertical  bracing  frame  connecting 
each  pair  of  opposite  posts,  and  a  particularly  effective  system  between 
the  bottom  chords.  In  the  three-hinged  type  the  systems  will  have  to 
be  broken  at  the  centre  of  the  span.  For  the  braced  or  the  solid-rib 
deck  arch-bridges  there  should  be  a  top  lateral  system  along  the  roadway, 
a  vertical  frame  in  the  plane  of  each  vertical,  and  effective  bracing  along 
both  the  upper  and  the  lower  chords  of  the  arched  ribs.  Where  the  ribs 
rise  above  the  floor  there  should  be  an  effective  system  of  bracing  in  the 
plane  of  the  said  floor,  and  also  other  systems  along  the  top  and  the  bot- 
tom members  of  the  ribs,  with  efficient  portals  where  the  laterals  are 
interrupted  by  the  roadway  clearance. 

The  combination  of  stresses  in  arch  bridges  is  a  little  more  complicated 
than  it  is  in  simple-truss  spans,  but  less  so  than  in  trestles.  The  various 
stresses  to  be  combined  are  as  follows: 

1.  Dead  Load. 

2.  Live  Load. 

3.  Impact. 

4.  Wind. 

5.  Temperature. 

For  the  summation  of  Nos.  1,  2,  and  3,  the  usual  intensities  of  work- 
ing stresses  are  to  apply.  For  that  of  either  Nos.  1,  2,  3,  and  4,  or  Nos. 
1,  2,  3,  and  5,  the  said  intensities  are  to  be  increased  thirty  (30)  per  cent. 
Finally,  for  the  summation  of  all  five,  the  said  intensities  are  to  be  increased 
forty  (40)  per  cent. 

As  the  question  of  the  relative  merits  of  the  various  kinds  of  arches 
is  a  much  mooted  one,  and  as  but  few  bridge  engineers  seem  to  be  posted 
thereon,  it  will  be  well  to  summarize  concisely  the  preceding  dissertation, 
even  at  the  risk  of  wearying  the  reader  by  repetition. 

L  Hingeless  Type.  Most  rigid  of  all,  but  there  is  great  ambiguity  in 
the  stresses,  and  the  labor  involved  in  making  the  computations  is  ex- 
cessive. Should  be  adopted  only  when  the  abutments  are  very  rigid,  as 
any  spreading  of  the  foundations  would  be  ruinous  to  the  superstructure. 
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Claimed  by  some  engineers  to  be  the  most  economical  of  metal,  but  the 
correctness  of  the  claim  is  not  yet  established. 

2.  One-Hinged  Type.  Very  unusual,  and  possesses  few  advantages. 
Not  quite  as  rigid  as  the  hingeless  type,  and  a  little  superior  to  it  in  re- 
spect to  avoidance  of  ambiguity  and  to  ease  of  computation. 

3.  Two-Hinged  Type.  Quite  rigid,  and  involves  considerably  less  stress- 
uncertainty  and  computation-labor  than  the  two  preceding  types.  Is 
much  favored  by  most  European  and  many  American  bridge  specialists. 
Can  advantageously  be  made  three-hinged  for  dead-load  stresses  and 
two-hinged  for  live-load  stresses. 

4.  Three-hinged  Type.  A  little  less  rigid  than  the  three  preceding 
types,  but  avoids  all  ambiguity  of  stress  distribution,  and  the  method  of 
stress  calculation  is  simple.  Undoubtedly  preferred  to  all  the  other  types 
by  a  majority  of  American  bridge  specialists. 

5.  Cantilever  Arch  Type.  But  little  used  up  to  the  present.  For  cer- 
tain localities  might  involve  a  small  economy  of  metal.  Probably  not 
quite  so  rigid  as  an  ordinary  arch  of  like  skeleton  diagram.  Worthy  of 
more  consideration  by  American  engineers  than  it  has  yet  received. 

6.  Solid-Rib  Type.  Can  be  used  with  any  of  the  first  four  types. 
Suitable  for  all  lengths  of  span,  but  becomes  more  uneconomical  of  metal 
as  the  length  of  opening  increases.  Has  a  fine  appearance,  hence  is  popu- 
lar among  designers. 

7.  Braced-Rib  Type.  Can  be  used  with  any  of  the  first  four  types, 
and  generally  is  more  economic  of  metal  than  the  solid-rib  type,  the 
longer  the  span  the  greater  the  economy.  Can  be  made  to  produce  an 
aesthetic  appearance.     Fairly  popular  among  American  engineers. 

8.  Spandrel-Braced  Type.  Can  be  used  with  Types  3,  4,  and  5.  Prob- 
ably has  some  economic  advantage  over  the  solid-rib  and  the  braced-rib 
types,  especially  for  long  spans,  and  is  generally  more  rigid  because  of 
the  greater  depth  of  the  arch  girders  or  trusses.  Has  been  used  consid- 
erably in  America. 

Economy  of  Types.  The  number  of  arch  bridges  built  up  to  the  pres- 
ent time  is  comparatively  so  small,  and  the  economic  studies  thus  far 
made  on  arches  have  been  of  such  an  approximate  character,  that  but 
little  reliable  information  concerning  the  comparative  economics  of  the 
various  types  is  available.  There  is  a  general  impression  that  the  smaller 
the  number  of  hinges  the  greater  the  economy,  but  there  are  conflicting 
opinions  concerning  that  view.  Again,  it  is  probable,  but  not  yet  proved, 
that  for  exactly  similar  conditions  of  layout  and  loading  a  cantilever-arch 
bridge  is  a  little  less  expensive  than  an  ordinary  arch  with  two  flanking 
simple  spans.  Finally,  the  three  standard  kinds  of  ribs  for  fairly  long 
s[)ans  in  the  order  of  their  economy  are  generally  supposed  to  be  the 
spandrel -braced,  the  braced-rib,  and  the  solid-rib  types;  but  differences  in 
the  existing  conditions  at  crossings  may  vary  this  order  in  certain  cases. 
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For  many  years  the  author  has  been  endeavoring  to  establish  some 
approximate  relation  between  the  weights  of  metal  per  lineal  foot  for 
trusses  and  laterals  of  arch  bridges  and  those  for  the  corresponding  simple 
truss  bridges;  but  has  met  with  very  little  success.  He  once  submitted 
the  question  to  his  brother  bridge  specialists  of  America,  but  they  were 
unable  to  throw  any  light  upon  the  subject,  because  their  opportunities 
to  design  and  build  arch  bridges  had  ])een  few  and  far  between,  and  be- 
cause the  ratio  of  rise  to  span  has  a  great  effect  upon  the  weight  of  metal 
in  an  arch.  Of  course,  there  is  for  any  span  length  some  economic  value  of 
that  ratio;  but  it  is  not  yet  knoA\ai,  and  it  prol)ably  varies  more  or  less 
not  only  with  the  span  but  also  with  the  type  of  construction.  The  only 
practicable  method  of  determining  the  original  question  would  be  to  settle 
first  that  of  the  economic  ratios  of  rise  to  span,  design  a  few  arch  bridges 
with  the  said  ratios,  and  make  the  comparison.  This  would  have  to 
be  done  for  the  solid-rib,  the  braced-rib,  and  the  spandrel-braced  types 
to  make  the  job  complete,  adopting  for  the  first  set  of  curves  the  three- 
hinged  type,  and  afterward  modifying  the  results  for  the  other  three  types 
of  hinging.  It  is  evident  that  the  amount  of  work  involved  in  such  an 
investigation  would  be  immense.  It  should  be  done  by  an  experienced 
bridge  designer,  as  the  results  would  be  worthless  if  obtained  by  any  other 
investigator.  The  author  suggests  that  one  of  his  younger  brother-spe- 
cialists undertake  the  investigation.  He  certainly  cannot  spare  the  time 
to  make  it  himself,  the  best  that  he  can  do  being  to  offer  the  following 
records  and  the  results  of  some  special  computations  made  for  his  425-foot 
arch  span  over  the  Fraser  River.  Unfortunately  that  structure  was 
designed  according  to  the  bridge  specifications  of  the  Dominion  Govern- 
ment, which,  as  far  as  arches  and  other  structures  involving  large  reversing 
stresses  are  concerned,  are  wastefully  extravagant  of  metal.  As  the  au- 
thor's office  possesses  no  record  of  weight  for  the  corresponding  simple 
span  designed  according  to  those  specifications,  he  has  had  to  have  the 
arch  refigured  according  to  his  own  so  as  to  compare  with  his  office  dia- 
grams of  weights  of  simple-span,  deck,  railway  bridges.  The  result  of 
the  special  computation  is  that  the  weight  of  metal  in  the  trusses,  laterals, 
and  floor  system  of  the  riveted  arch  span  is  to  the  weight  of  same  in  the 
corresponding  simple-truss  riveted  span  as  seventy-five  is  to  one  hundred. 
It  was  found  impracticable  to  make  a  fair  comparison  between  the  two 
cases  without  including  the  weights  of  metal  in  the  floor  systems.  This 
showing  is  as  favorable  as  possible  to  the  arch;  for  the  rise  of  the  latter 
was  about  the  economic  amount,  and  the  ribs  were  assumed  to  be  battered, 
while  in  the  deck  simple  span  the  trusses  were  in  vertical  planes.  Had 
the  trusses  been  battered,  there  would  have  been  a  small  saving  in  the 
weight  of  the  floor  and  possibly  a  little  also  in  the  lateral  system.  It  is 
certainly  a  difficult  matter  so  to  adjust  all  the  conditions  as  to  give  a 
fair  comparison  between  the  weights  of  metal  for  arches  and  truss  spans 
in  general;  but,  of  course,  in  any  particular  case  by  taking  due  cognizance 
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of  all  the  factors,  a  correct  comparison  can  be  made.  In  the  author's 
Hamilton,  New  Zealand,  plate-girder  arch  of  340  feet  span  (See  Fig.  26i), 
in  which  the  ratio  of  rise  to  span  is  0.124,  the  ratio  of  weights  is  0.97;  and 
in  his  Cambridge,  New  Zealand,  spandrel-braced  arch  of  290  feet  span 
(See  Fig.  2Qk),  in  which  the  ratio  of  rise  to  span  is  0.18,  the  weight  ratio 
is  0.83.  This  great  variation  of  ratios  is  due  partially  to  the  different  types 
of  construction  and  partially  to  the  difference  in  the  ratios  of  rise  to  span 
length. 

In  dealing  with  the  comparative  economics  of  arches  and  simple 
trusses,  it  must  not  be  forgotten  that  there  are  other  factors  than  mere 
weight  of  metal  involved;  for  the  pound  price  of  the  manufactured  ma- 
terial is  generally  somewhat  greater  for  the  former,  and  sometimes  the 
cost  of  erection  also  is  larger.  Again,  the  comparison  of  the  costs  of 
arch  and  truss  superstructures  alone  is  not  of  much  importance,  for 
an  economic  investigation  to  be  of  any  value  must  include  both  sub- 
structure and  superstructure;  and  the  costs  of  the  latter  are  Ukely  to 
be  very  different  in  arch  and  simple-truss  designs  for  any  crossing. 

For  many  years  the  author  has  been  greatly  desirous  of  establishing 
approximately  correct  formulae  for  the  weights  of  metal  in  arch  ribs; 
and  in  1907  he  gave  to  one  of  his  computers  the  task  of  preparing  one 
for  three-hinged,  plate-girder  arches  with  the  special  intention  of  having 
it  appear  for  the  first  time  in  this  book.  The  investigation  was  not  fully 
completed  at  that  time,  and  when  the  writing  of  this  chapter  was  com- 
menced the  author  gave  to  his  assistant  engineer,  Mr.  Hardesty,  the  task 
of  preparing  an  entirely  new  study,  which  he  did,  finding  quite  satisfactory 
results.  When  he  had  finished  the  investigation  for  plate-girder  arches, 
he  was  set  the  additional  task  of  making  similar  calculations  for  open- 
webbed,  riveted  ones  of  the  braced-rib  type.  The  methods  adopted  in  the 
computations  are  semi-rational  and  semi-empirical,  approximate  formulae 
being  derived  for  the  length  of  arch,  and  percentages  for  weights  of  details 
being  taken  from  the  numerous  records  collected  in  the  author's  office 
during  many  years.  On  account  of  the  unavoidable  empiricism  of  the 
investigation,  the  formulae  are  offered  to  the  profession  as  mere  approxima- 
tions to  exactness.  They  are  fairly  correct  for  average  conditions  of 
layout,  but  less  so  for  unusual  ones.  The  formulae  are  derived  directly  for 
ribs  of  parabolic  form,  having  the  dead  load  uniform  over  the  entire  span; 
but  they  will  serve  equally  well  for  ribs  of  other  forms,  provided  that  under 
dead  load  plus  half  of  full  live  and  impact  loads  over  the  entire  span  the 
moments  in  the  rib  near  the  quarter  points  are  practically  zero.  Since  this 
condition  will  hold  for  nearly  every  well-designed  rib,  the  formulae  will 
apply  in  practically  all  cases.  The  weights  given  by  them  include  those 
of  the  main  sections,  diaphragms,  stiffeners,  lacing,  splices,  pin-plates, 
pins,  rivets,  etc. ;  but  do  not  include  the  weights  of  the  skew-back  pedestals. 

In  applying  the  formulae,  the  moment  and  stress  in  the  rib  at  the 
quarter  point  of  th{>  span  are  figured  with  full  live  plus  impact  loads  on 
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the  far  half  of  the  span,  and  this  is  assumed  to  represent  the  average 
condition  throughout  the  ril).  In  the  open-webbed  arch  investigation  it 
was  assumed  that  the  pins  He  midway  between  the  two  chords,  and  that 
the  web  system  is  of  the  single-intersection  Warren  or  Triangular  type; 
but  the  formulae  can  be  applied  to  other  forms  with  only  slight  error,  cer- 
tain of  the  coefficients  being  changed,  if  greater  accuracy  be  desired,  in 
order  to  suit  the  various  special  conditions. 

The  formula?  thus  established  are  certainly  sufficiently  accurate  for 
dead-load  assumptions  and  even  for  preliminary  cost  estimates,  but  prob- 
ably not  for  bidding  by  lump  sum.  While  it  is  true  that  they  were  estab- 
lished for  three-hinged  arches,  they  can  be  used  for  arches  with  any 
condition  of  hinging,  either  by  making  the  assumption  that  there  is  no 
material  difference  between  the  weights  of  arches  of  the  various  types 
of  fixedness,  or  by  multiplying  the  weights  resulting  from  the  formula  by 
some  assumed  general  ratio  which  the  individual  designer  deems  proper 
to  employ  in  comparing  the  weights  of  three-hinged  arches  with  those 
of  the  type  of  fixedness  under  consideration. 

The  formulae  for  the  three-hinged,  plate-girder  arch-ribs  are  as  follows: 

It) 
r  =  (2D+L  +  /)-,  [Eq.  1] 

M  =  (L  +  7)  —  (foot-pounds),  [Eq.  2] 

A  =  ^  +  9  dt,  [Eq.  3] 

V 
and  W  =  4.8  Ar;  [Eq.  4] 

in  which     I  =  length  of  span  in  feet, 
h  =  rise  of  span  in  feet, 

D  =  dead  load  per  lineal  foot  of  span  per  rib, 
L  =  equivalent  uniform  live  load  per  lineal  foot  of  span  per  rib, 

taken  for  a  loaded  length  of  one-half  of  I, 
I  =  impact  load  per  lineal  foot  of  span  per  rib,  taken  for  the 

same  loaded  length, 
T  =  total  direct  stress  on  section  figured, 
M  =  bending  moment  in  foot-pounds  at  the  same  section, 
d  =  assumed  depth  of  arch  rib  in  feet  (depth  of  web  or  distance 

back  to  back  of  angles), 
t  =  thickness  of  web  or  webs  in  inches, 
A  =  average  area  of  arch  rib  in  square  inches, 
p  =  allowable  unit  stress  from  column  formula, 


=  -vl  4  +  ir)  ,  to  be  taken  from  Fig.  26n, 


r  =  ratio  of  length  of  rib  to  span  length  Z,  to  be  taken  from 
Fig.  26/1, 
and  W  =  weight  of  metal  in  rib  in  pounds  per  lineal  foot  of  span. 


aj 


Q^  Q3 

Fig.  26n.     Values  of  n  and  r  for  Arch  Ribs 
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The  formulae  for  the  three-hinged  open-webbed,  riveted  arch-ribs  are 
as  follows: 

T=i2D  +  L  +  I)~  [Eq.  5] 

ill  =  (L  +  /)  —  (foot-pounds),  [Eq.  6] 

Ac  = -,  [Eq.  8] 

Pc 

A^  =  ^  [Eq.  9] 

Pw 

and  Tf  =  4.6  (A,  +  A^)  r;  [Eq.  10] 

in  which  I,  h,  D,  L,  I,  T,  M,  n,  and  r  have  the  same  values  as  in  the  case 
of  the  plate-girder  arch,  and 

S  =  average  maximum  shear  on  all  portions  of  the  rib, 

d  =  assumed  distance  in  feet  from  centre  to  centre  of  chords, 

Ac  =  average  area  of  chords  in  square  inches, 

Ay;  =  average  area  of  web  members  in  square  inches, 
Pc  =  average  allowable  unit  stress  in  chords  by  column  formula, 

Pjo  =  average  allowable  miit  stress  in  web  members  by  column  for- 
mula, 
and  W  =  weight  of  metal  in  rib  in  pounds  per  lineal  foot  of  span. 

It  was  the  author's  intention  to  insert  in  either  this  chapter  or  an  ap- 
pendix the  mathematical  demonstrations  of  the  manner  of  derivation 
of  the  various  formulae  given  above;  but  the  computations  involved  are 
so  lengthy  that  a  consideration  of  space-economy  forbids.  Suffice  it  to 
say  that  the  said  mathematical  work  has  been  carefully  checked  by  an 
independent  computer  and  pronounced  by  him  to  be  correct  in  principle 
and  sufficiently  close  to  exactness  in  all  the  assumed  approximations. 
Moreover,  the  two  formulae  for  W  have  been  tested  by  comparing  their 
results  when  applied  to  the  conditions  of  layout  of  the  author's  before- 
mentioned  New  Zealand  plate-girder  arch,  Mr.  Hodge's  design  for  the 
proposed  Harlem  River  arch  bridge,  and  Mr.  Schneider's  design  for  a 
720-foot  arch  span  \\dth  the  actually  computed  weights  of  those  structures; 
and  the  agreement  found  was  gratifyingly  close.  It  was  not  practicable, 
however,  to  check  against  Mr.  Buck's  Niagara  arch;  because,  unfor- 
tunately, the  weights  given  therefor  combine  those  for  the  ribs  and  those 
for  the  bracing. 

Some  seven  years  ago  the  author  collected  by  correspondence  some 
weight  data  on  arch  bridges  from  certain  American  bridge  specialists. 
These  are  herewith  reproduced  in  the  hope  that  they  may  be  of  service 
to  some  reader  in  designing  structures  similar  to  those  described. 
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F.  C.  Kunz,  Esq.,  then  Chief  Engineer  of  the  Pennsylvania  Steel  Com- 
pany, sent  the  following  information  concerning  the  weights  of  metal  in 
Em-opean  highway  and  single-track  railway  bridges  with  arched  ribs: 


"  Highway  Bridges  with  Arched  Ribs 

"  The  weight  g  in  pounds  of  the  main  trusses  (including  all  wind  bracing) 
for  each  foot  of  span  (for  two-hinged  arches)  is  given  by  the  formula, 

g  =  Kh  +  23.5^, 
in  which    h  designates  the  wddth  of  the  bridge  in  feet, 
z  indicates  the  number  of  the  main  trusses, 
and  K  is  to  be  taken  from  the  following  table : 


Span  L,  in  feet .... 

33 

66 

100 

130 

165 

195 

230 

260 

295 

330 

Floor  with  ballast, 

K=... 

6.5 

12.7 

19.2 

26.3 

34.3 

42.6 

52.0 

61.2 

71.4 

83.6 

Floor  with  double 

plank- 

ing,  K= 

5.7 

10.8 

16.3 

22.4 

29.4 

36.7 

44.9 

53.0 

62.2 

72.4 

"For  three-hinged  arches  the  above  values  may  be  reduced  fifteen 
per  cent. 

"  Railroad  Bridges  with  Arched  Ribs 

"  The  weight  g  of  the  main  trusses  and  all  bracings  for  single-track 
structures  in  pounds  per  lineal  foot  of  span  is  given  in  the  following  table, 
the  length  of  span  L  being  expressed  in  feet : 


ForL= 

33 
300 

66 
500 

100 
710 

130 
900 

165 
1,110 

195       230 
1,290    1,500 

260       295 
1,720     1,940 

330 

o= 

2,200 

"For  spans  up  to  230'  the  above  values  correspond  to  the  formula, 

g  =  100  +  6.1  L. 
These  weights  refer  to  two-hinged  arches;   for  three-hinged  arches  a  re- 
duction of  15  per  cent  is  admissible." 

Attention  is  called  to  the  fact  that  Mr.  Kunz  considers  that  three- 
hinged  arches  are  lighter  by  fifteen  per  cent  than  two-hinged  ones.  This 
is  contrary  to  the  idea  generally  prevalent  among  American  bridge  engi- 
neers, and  would  indicate  that  European  designers  must  provide  liberally 
for  ambiguity  of  stress. 

C.  C.  Schneider,  Esq.,  Past  President  of  the  American  Society  of 
Civil  Engineers,  and  one  of  the  most  noted  of  American  bridge  speciaUsts, 
wrote  as  follows: 

"I  have  data  on  hand  of  an  arch  bridge  on  which  I  figured  recently,  and  I  take 
pleasure  in  forwarding  it  to  you  herewith. 

"The  span  between  centres  of  end-pins  is  720  feet  and  rise  72  feet,  or  a  ratio  of 
rise  to  span  of  1  in  10.  The  same  consists  of  two  arch  ribs  inclined.  The  distance 
between  centres  on  top  is  30  feet  and  on  the  bottom  52  feet,  making  a  batter  of  1  in  8. 
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"The  bridge  is  to  carry  two  trolley  tracks,  roiulways,  and  sitlcwalks.  The  road- 
way with  the  trolley  tracks  is  30  feet  wide,  with  a  six-foot  sidewalk  on  each  side,  outside 
of  the  roadway. 

"  The  floor  and  its  supports  were  designed  in  accordance  with  Cooper's  Specifica- 
tions of  1901,  for  Classes  Al  and  A2  Loading  for  City  Bridges. 

"The  arch  and  its  bracing  were  designed  for  a  working  load  of  2,000  pounds  per 
lin.  foot,  with  the  usual  working  stresses,  in  accordance  with  Cooper's  Specifications; 
and  also  for  a  congested  load  of  4,000  pounds  per  lineal  foot,  allowing  a  maximum 
unit  stress  of  25,000  pounds  per  sq.  in.  for  the  combined  dead  and  live  loads  and 
wind  pressure. 

"  The  weight  of  the  steel  superstructure  is  as  follows: 

Floor-beams  and  stringers 720,000  lbs. 

Supporting  columns  with  bracing 280,000 

Lower  chords  of  arch 1,200,000 

Upper  chords  of  arch 296,000 

Web  of  arch 282,000 

Lateral  bracing  in  lower  chords 260,000 

Lateral  bracing  in  upper  chords 90,000 

Sway  bracing  in  arch 32,000 

Total  weight 3,160,000  lbs. 

"The  weight  of  the  wooden  deck  is  about  21,000  lbs.  per  panel." 

Henry  W.  Hodge,  Esq.,  the  eminent  bridge  engineer,  sent  the  following 
data  for  a  design  of  his  for  an  825-foot  arch  bridge  prepared  for  the  City 
of  New  York. 

Proposed  Arch  over  Harlem  RrvER,  N.  Y. 

Span  825'  c.  to  c.  of  pins. 
Rise  126'. 
25  panels  at  33'. 

4  ribs,  canying  equally,  spaced  27'  c.  to  c.  of  chords. 
Arch  having  pins  at  end  only. 

One  50'  roadway,  two  15'  sidewalks;  total  width  80'. 

Live  load  for  floor  and  vertical  posts  100  lbs.  per  sq.  ft.,  or  a  road  roUer  weighing 
18  tons. 

Live  load  for  ribs  75  lbs.  per  sq.  ft 6,000  lbs.  p.  1.  f.  of  bridge 

Dead  load, 

Roadway  material,  100  lbs.  per  sq. 

ft.  X  50' 5,000  lbs.  p.  1.  f.  " 

Sidewalk  material,  80  lbs.  per  sq. 

ft.  X  30' 2,400  lbs.  p.  L  f.         " 

Metal  in  structure 13.200  lbs.  p.  1.  f.  " 

Total  dead  load 20,600  lbs.  p.  1.  f.  of  bridge 

Weight  of  metal  floor  system 2,430,000  lbs. 

Vertical  posts 570,000    " 

Bracing  of  vertical  posts 644,000 

Main  ribs 5,828,000    " 

Lateral  and  transverse  bracing,  main  ribs 820,000    " 

End  shoes  and  pins 558,000 

Total  weight 10,850,000  lbs. 

Highway  unit-stresses  are  20  per  cent  in  excess  of  railway  unit  stresses. 
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Mr.  Hodge  at  the  same  time  sent  the  following  data  for  the  840-foot- 
span  arch  bridge  at  Niagara: 

Niagara  Arch 

840'  c.  to  c.  of  pins. 

20  panels  at  42'  (panels  in  rib  21'  each,  2  to  each  vert.  post). 

150'  rise. 

2  main  ribs,  each  2G'  c.  to  c.  of  chords,  30'  c.  to  c.  ribs  at  top  and  69'  c.  to  c. 

at  bottom. 
One  roadway  373^',  two  sidewalks  4l<i'  each  =  46'  total  width. 
Live  load  90  lbs.  per  sq.  ft.  for  floor  and  vertical  posts,  50  lbs.  per  sq.  ft.  or  2,300 

lbs.  p.  1.  f.  for  ribs. 
Total  dead  load — 

Timber  flooring  and  railings 800  lbs. 

Metal 4,-500    " 

Total 5,300  lbs.  p.  1.  f. 

Weight  of  metal  floor  system 766,000 

Vertical  posts  and  bracing 601,000 

Ribs  and  bracing 2,057,000    " 

Shoes  and  end  pins 227,000    " 

Total  weight 3,651,000  lbs. 

Frank  C.  Osborn,  Esq.,  the  well-known  bridge  engineer  and  steel 
inspector,  sent  the  following  data  concerning  some  small  highway  arch- 
bridges  designed  and  built  by  him. 

"The  Brooklyn  Bridge  is  a  braced  spandrel  arch  and  has  a  span  of  168'  from  centre 
to  centre  of  end  pins.  The  rise  is  48',  and  the  width  is  26'  from  centre  to  centre  of 
arch  rings.  Width  of  roadway  29'  6"  with  two  sidewalks  6'  each.  The  loadings  are 
as  follows:  Dead  load  2,400  lbs.  per  lineal  foot;  Uve  load  4,000  lbs.  per  Uneal  foot  of 
bridge.  The  total  weight  of  structural  steel  is  89  tons,  which  does  not  include  the 
floor  system. 

"The  Chagrin  River  Bridge  is  a  plate-girder  arch  with  a  span  of  168'  9"  from  centre 
to  centre  of  ends.  The  rise  is  27'  6",  and  the  width  27'.  The  width  of  roadway  is  32' 
and  no  sidewalks.  The  loadings  are  as  follows:  Dead  load,  2,600  lbs.  per  lineal  foot, 
and  live  load,  3,000  lbs.  per  lineal  foot  of  bridge.  Total  weight  of  structural  steel  is 
87  tons.     This  does  not  include  the  floor  system. 

"The  Riverside  Cemetery  Bridge  is  a  combination  of  lattice  and  plate-girder  work, 
the  arch  being  of  the  crescent  form,  the  middle  half  consisting  of  lattice  work  and 
the  two  end  sections  of  plate-girder  construction.  The  span  is  142'  from  centre  to 
centre  of  end  pins,  and  the  rise  is  24'  6"  and  the  width  22'.  The  width  of  roadway 
is  17'  and  the  sidewalks  4'  each.  The  dead  load  is  1,400  lbs.  per  lineal  foot,  and  the 
live  load  1,500  lbs.  per  lineal  foot  of  bridge.     Total  weight  of  steel  is  30  tons." 

In  respect  to  the  detailing  of  arch  bridges  there  are  only  two  points 
in  which  it  differs  essentially  from  that  of  simple-truss  spans,  viz.,  the 
crown  and  the  ends.  Where  the  latter  are  fixed,  as  in  hingeless  and  one- 
hinged  arches,  much  care  will  be  required  in  designing  the  anchorage  of 
the  metal  to  the  masonry.  The  anchor  bolts  should  be  figured  for  the 
greatest  stress  required  to  make  the  ends  fixed  under  the  most  unfavor- 
able conditions,  and  they  should  pass  into  the  rock  far  enough  and  fasten 
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thereto  firmly  enough  to  develop  the  full  strength  of  their  sectional  area. 
The  areas  of  the  parts  that  bear  upon  the  rock  or  upon  the  masonry  of 
the  abutments  should  be  so  large  that  the  permissible  pressures  of  the 
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Fig.  26o.     Pedestal  Hinge  for  the  Arch  Span  of  the  Canadian  Northern  Pacific  RaUway 
Bridge  over  the  Fraser  River. 

specifications  given  in  Chapter  LXXVIII  will    not    be  exceeded  under 
any  probable  circumstances. 

The  pedestals  for  hinged  ends  are  generally  not  of  complicated  design. 
In  Fig.  26o  is  shown  one  of  those  for  the  author's  C.  N.  P.  R.,  Fraser 
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River  Bridge  before  mentioned.  Neither  are  the  crown  hinges  at  all 
complex,  as  can  be  seen  from  Fig.  26p,  which  illustrates  those  for  the 
same  structure. 

There  is  not  much  that  is  special  to  be  said  about  the  substructure 
of  arches,  for  in  many  ways  it  does  not  differ  essentially  from  that  for 
simple  spans.  The  abutments  have  no  unusual  features,  except  that  the 
thrust  upon  them  is  inclined  to  the  vertical  and  that  care  must  be  taken 
to  design  them  so  that  they  will  distribute  properly  over  sufficient  area 
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Fig.  26p.    Crown  Hinge  for  the  Arch  Span  of  the  Canadian  Northern  Pacific  Railway 
Bridge  over  the  Fraser  River. 


the  concentrated  loads  at  the  skewbacks.  Such  abutments  may  be  either 
single  or  divided  into  pedestals  at  the  different  points  of  bearing.  They 
should  be  proportioned  to  carry  not  only  the  full  load  from  the  finished 
arch  bridge,  but  also  the  various  loads  that  may  come  upon  them  during 
construction,  the  latter  for  cantilever  erection  sometimes  being  vertical, 
and  the  former  always  inclined.  As  infinite  pains  must  be  taken  to 
get  all  the  pedestals  located  in  exact  position  both  horizontally  and 
Vertically,  it  behooves  the  resident  engineer  to  build  the  substructure  of 
any  arch  bridge  with  unusual  care.  In  proportioning  the  pedestals  or 
abutments  the  extreme  variations  of  pressure  thereon  from  various  com- 
binations of  loading  must  be  duly  considered,  taking  special  precaution 
to  see  that  all  effects  of  the  wind  are  adequately  provided  for. 
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To  very  few  American  engineers  does  there  ever  come  an  opportunity 
to  design  a  large  or  important  suspension  bridge;  for  that  style  of  con- 
struction is  but  little  used  in  this  country,  owing  to  the  fact  that,  on  ac- 
count of  its  inherent  lack  of  rigidity,  it  is  not  well  adapted  for  carrying 
railroad  trains,  except  in  the  case  of  very  long  spans,  and  because  in 
highway  bridge  construction  it  cannot  compete  in  cost  with  simple-truss, 
cantilever,  or  arch  structures  for  ordinary  crossings. 

Although  his  first  piece  of  bridge  engineering,  which  came  to  him  only 
a  few  months  after  graduation,  was  the  mathematical  investigation  of 
compensating  trusses  for  the  avoidance  of  temperature  stresses  in  sus- 
pension bridges  by  making  the  top  chords  of  timber  and  the  bottom 
chords  of  iron,*  in  his  forty  years  of  professional  life  the  author  has  had 
occasion  to  build  only  half  a  dozen  suspension  bridges  for  light  highway 
traffic  and  of  comparatively  short  span,  none  of  them  exceeding  four 
hundred  feet,  and  to  design  only  one  long  span  railroad  structure  for  a 
proposed  crossing  of  the  Hudson  River,  which  structure,  however,  never 
materialized.  On  that  account,  much  to  his  regret,  he  is  unable  to  offer 
the  reader  a  complete  set  of  accurate  diagrams  or  tables  from  which  to 
compute  quickly  and  easily  the  quantities  of  materials  in  any  ordinary 
suspension  bridge,  as  he  has  done  in  the  case  of  simple  truss  spans,  swing 
spans,  and  cantilevers,  or  even  possibly  to  provide  quite  as  accurate 
data  as  he  has  submitted  for  figuring  the  quantities  of  metal  in  steel  arch 
structures.  However,  he  will  present  a  method  of  computing  quickly 
the  approximate  quantities  and  costs  for  the  superstructures  of  both  rail- 
way and  highway  suspension  bridges  of  ordinary  types;  and  these  will 
])e  sufficiently  accurate  for  preliminary  estimates  of  cost  and  for  the  de- 
termination of  dead  loads  to  be  used  in  the  more  accurate  computations 
which  should  be  made  in  preparing  actual  designs.  To  give  any  figures 
of  quantities  or  cost  for  the  substructures  of  suspension  bridges  is  abso- 
lutely out  of  the  question,  because  they  will  depend  entirely  upon  the 
local  conditions  at  the  proposed  crossing.  It  is  never  a  great  task,  though, 
for  an  experienced  bridge  engineer  to  compute  the  approximate  cost  of 
substructure  for  a  bridge  when  all  the  governing  conditions  are  known; 
and  even  the  structural  designer  who  is  inexperienced  in  the  practical 

*  This  paper  on  "  Compensating  Trusses  "  was  published  in  the  1876  Proceedings 
of  the  Pi  Eta  Scientific  Society,  now  the  Rensselaer  Society  of  Engineers. 
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features  of  bridge  building,  but  who  is  well  read  generally  on  both  theory 
and  practice,  can  make  a  fair  attempt  at  such  computations. 

While  the  suspension  bridge  in  some  simple  form  has  been  in  use  for 
centuries,  it  has  remained  for  the  present  generation  of  engineers  to  bring 
it  to  its  highest  development  and  to  perfect,  probably  as  far  as  is  possible, 
the  theory  of  its  action.  In  the  earher  types  the  floor  was  directly  sus- 
pended by  hangers  to  the  main  cables  so  that  a  load  at  any  point  would 
cause  a  further  sagging  or  deflection  in  the  cable  at  that  point  and  a  ris- 
ing therein  at  other  points.  The  effect  of  this  was  to  produce  a  wave 
motion  in  the  floor  as  the  load  proceeded  across  the  span.  This  lack  of 
rigichty  prevented  to  a  large  extent  the  adoption  of  the  suspension  type 
where  heavy  live  loads  were  to  be  carried.  To  overcome  this  defect  the 
floor  system  was  first  modified  by  using  long  floor  joists  extending  over 
several  panels  and  adopting  stiff  and  rigidly  braced  hand-rails,  thereby 
distributing  the  load  to  a  larger  portion  of  the  cable.  This  step  was  fol- 
lowed by  the  introduction  of  stiffening  trusses  running  the  full  length 
of  the  span  and  attached  at  regular  intervals  (generally  at  each  panel 
point)  by  hangers  to  the  cables.  The  stiffening  truss  and  its  supporting 
cable  form  a  redundant  system;  and  in  large  structures  it  becomes  an 
important  matter  to  determine  what  portion  of  the  load  each  carries. 
All  the  dead  load  is  supported  by  the  main  cables;  and  the  function  of 
the  stiffening  trusses  is  to  distribute  a  partial  live  load  over  the  hangers 
so  that  each  one,  as  nearly  as  may  be,  will  transmit  an  equal  portion 
thereof  to  the  said  cables. 

Various  factors  affect  this  distribution  of  live  load,  such  as  the  fol- 
lowing: 

1.  Rigidity  of  the  cable  system.  This  is  determined  not  by  the 
elastic  properties  of  the  cable,  but  by  the  dead  loads  estabhshing 
a  particular  funicular  polygon  to  which  the  cable  conforms.  A 
partial  live  loading  tends  to  distort  this  polygon,  and  such  dis- 
tortion is  resisted  by  the  dead  loads.  The  larger  these  dead  loads 
the  more  rigid  the  cable  system. 

2.  Rigidity  of  the  stiffening  trusses.  This  is  determined  by 
the  elastic  properties  of  the  metal  and  the  moment  of  inertia  of 
the  section  of  the  trusses. 

3.  The  position,  length,  and  elastic  properties  of  the  hangers. 

4.  Changes  in  the  length  of  the  cables  due  to  five  loads  or  to 
variations  of  temperature. 

5.  The  movement  of  the  saddles  or  the  deflection  of  the  towers 
due  to  changes  in  length  of  the  backstays  from  the  same  causes. 

6.  The  variations  in  heights  of  towers  due  to  changes  in  the 
tensions  on  the  cables  and  backstays  and  also  to  differences  in 
temperature. 

7.  The  condition  of  the  ends  of  the  stiffening  trusses,  whether 
simply  supported  or  anchored  down. 
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8.  The  character  of  the  stiffening  trusses,  whether  continuous 
throughout  or  hinged  at  one  or  more  intermediate  points. 
As  the  dead  load  is  practically  distributed  uniformly  over  the  span 
length,  the  funicular  polygon  assumed  bj-^  the  cable  is  a  parabola  defined 
by  the  equation, 

y  =  ^(l-^)>  [Eq.  1] 

in  which  y  =  the  ordinate  measured  downward  from  the  x  axis  at  a  point 
distant  x  from  the  origin, 
/  =  sag  or  versine  of  the  cable, 
and  I  =  length  of  span. 

The  origin  is  taken  at  the  saddle  supporting  the  cable. 

As  the  live  load  comes  on  the  span,  it  produces  a  deflection  in  the 
truss  which,  in  turn,  through  the  hangers,  tends  to  distort  the  funicular 
potygon  previously  established  by  the  dead-load  system,  causing  the  im- 
mediate portion  of  the  cable  to  drop  slightly  and  the  more  remote  por- 
tions to  rise.  The  more  flexible  the  truss  the  more  pronounced  this  move- 
ment and  the  more  variable  the  distribution  of  the  load  on  the  hangers. 
The  accurate  solution  of  this  problem  of  distribution  leads  to  long,  in- 
volved, and  difficult  analysis,  utilizing  the  physical  properties  of  the 
materials,  such  as  size,  weight,  areas,  and  elasticities.  These  are  not  all 
known  at  the  outset,  and  some  means  of  starting  the  analysis  with  fairly 
proximate  assumptions  or  estimates  is  highly  desirable.  The  method 
recommended  by  the  author  for  making  the  first  approximate  determina- 
tion of  sizes  and  weights  is  based  on  the  following  assumptions,  which 
have  been  the  established  practice  for  a  long  time. 

1.  That  the  curve  assumed  by  the  cable  under  all  conditions 
of  loading  is  sensibly  a  parabola. 

2.  That  the  stretch  in  the  cable  is  relatively  small  and  inappre- 
ciable. 

3.  That  the  ends  of  the  stiffening  trusses  are  free  and  that  the 
trusses  are  rigid  as  compared  to  the  cable  system,  no  hinges  therein 
being  employed. 

4.  That  the  pull  on  the  hangers  is  uniform,  as  the  curve  of  the 
cable  remains  a  parabola  for  any  position  of  the  live  load. 

Such  assumptions  lead  to  the  following  results: 
If  kl  =  portion  of  span  covered  by  live  load  coming  on  at  end, 
n  =  number  of  hangers  per  truss, 
w  =  live  load  per  foot  of  truss, 
W  =  live  load  on  one  hanger, 
V  =  shear  on  truss, 
and  Hi  =  number  of  hangers  on  the  unloaded  portion  of  truss, 
then  the  load  W  on  one  hanger  is, 

TT  =  — .  [Eq.  2] 

n 
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The  greatest  shear  for  a  particular  loading  will  be  at  the  head  of  that 
loading  and  will  be  equal  to  the  load  on  one  hanger  multiplied  by  the 
number  of  hangers  on  the  unloaded  portion,  or 

F  =  -^  m.  [Eq.  3] 

This  becomes  a  maximum  for  the  span  when  the  live  load  occupies  one- 
half  thereof,  for  which  position 

V  (max.)  =  }4  wl  [Eq.  4] 

The  maximum  bending  moment  occurs  when  the  live  load  covers  0.618 
of  the  span,  for  which  position  it  becomes 

M  =  0.0451  wl\  [Eq.  5j 

The  section  at  which  this  maximum  moment  occurs  is  distant  from  the 
end  of  the  span  0.382  Z. 

Let  li  =  the  length  of  simple  span  which,  for  the  same  value  of  w, 
would  give  a  moment  at  mid-span  equal  to  the  maximum  moment  in  the 
stiffening  truss,  then 

M  =  0.125  wl{'  =  0.0451  wP,  [Eq.  6] 

.  ,,       0.0451  ,  ,^     „, 

and  7i  =  0.6L  [Eq.  8] 

It  can  be  shown  in  a  similar  manner  that  a  simple  span  six-tenths  of 
the  length  of  the  stiffening  truss  will  have  an  average  shear  approxi- 
mately equal  to  that  in  the  said  stiffening  truss. 

If  we  assume,  as  Prof.  Burr  shows  in  his  excellent  book  on  "Sus- 
pension Bridges,"  page  39,  that  the  maximum  moment  will  extend  over 
0.236^  at  the  centre  and  will  diminish  uniformly  to  the  ends,  the  average 
bending  moment  for  the  entire  span  will  be  about  sixty-two  (62)  per  cent 
of  the  maximum,  while  in  a  simple  span  it  is  about  sixty-seven  (67)  per 
cent. 

The  preceding  relations  afford  a  means  of  arriving  at  an  approximate 
estimate  of  the  weight  of  the  stiffening  truss.  The  impact  to  be  provided 
for  in  the  latter  may  logically  be  assumed  as  that  given  in  either  Fig. 
7c,  Id,  or  7e  for  a  span  of  0.6  Z.  If  that  impact  is  r,  the  total  load  for 
which  the  stiffening  truss  should  be  proportioned  is  w  (1  -j-  r).  In  order 
to  find  the  approximate  weights  of  metal  per  lineal  foot  of  span  for  the 
stiffening  trusses,  the  author  sought  to  utilize  some  of  the  diagrams  of 
this  treatise  which  give  the  corresponding  weights  for  simple  trusses; 
but  he  was  unable  to  (\stablish  any  satisfactory  relation  between  the  two, 
owing  to  the  fact  that  in  the  simple  span  llie  top  chords  are  polygonal 
and  the  truss  depths  are  great,  while  in  the  stiffening  trusses  the  chords 
are  parallel  and  the  truss  depths  are  exceedingl}^  small.  On  this  account 
he  has  evolved  the  following  method  of  determining  the  required  truss 
weights: 
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Let  us  use  the  same  nomenclature  us  before,  and  in  addition  tliereto 
the  succeeding: 

.s^  =  intensity  of  stress  in  tension, 
p  =  panel  length, 
d  =  truss  dejith, 

6  =  inclination  of  the  diagonals  to  the  vertical, 
M,n  =  maximum  bending  moment  on  on(>  truss  due  to  live-plus-impact 

loatl,  and 
T^„,  =  maximum  shear  due  to  same. 
The  following  assumptions  will  be  adopted : 

First.  The  average  moment  for  a  truss  with  ends  not  anchored  is 
G2  per  cent  of  the  maximum. 

Second.  The  average  shear  for  such  a  truss,  when  the  effect  of  stress 
reversion  is  given  due  consideration,  is  80  per  cent  of  the  maximum. 

Third.  The  addition  of  20  per  cent  for  rivet  holes  to  the  area  of 
the  average  tension  member  makes  it  strong  enough  to  carry  in  com- 
pression, with  due  regard  to  the  effect  of  I  over  r,  a  stress  equal  to  that 
for  which  it  was  designed  in  tension. 

Fourth.  The  proper  percentage  to  add  for  details  to  the  weight  of 
any  riveted  stiffening  truss  is  40. 

For  the  effects  of  vertical  loads  only  we  have  the  following: 
The  area  of  the  average  chord  member  will  be 

..  =  :.2(-5i^)  ,E,.0, 

The  area  of  the  average  vertical  post  will  be 

The  area  of  the  average  diagonal  will  be 

A.  =  1.2  (O^J^)  (Eq.  11] 

The  corresponding  weights  of  metal  in  one  truss  per  lineal  foot  of 
span,  exclusive  of  the  details,  will  be,  respectively: 

Z,  =  2  X  3.4  X  1.2  X  0.62  X  ^^  =  5.06  =^.  [Eq.  12] 

ds  ds 

Z,  =  1.2  X  3.4  X  0.8  X  ^  ==  3.26  — .  [Eq.  13] 

sp  sp 

Z,  =  1.2  X  3.4  X  0,8  X  ^•-^'""'"°^^'''  =  3.26  Y^M±fl_  (Eq.  u] 

s  sdp 

The  total  weight  of  metal  per  truss  will  then  be 
Zt  =  1.4  (Z,  +  Zp  +  Zd) 

=  1.4J5.06^'+^^^K^^^)[-  tEq.l5] 

(  ds  s        ^     dp     ^  ) 
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The  next  point  to  determine  is  the  wind  pressure  per  Uneal  foot  of 
span  on  the  structure.  The  intensity,  or  pressure  in  pounds  per  square 
foot  of  area  opposed  to  the  wind,  is  given  by  the  formula 

P'  =  35  -  ^;  [Eq.  16] 

and  the  area  per  hneal  foot  of  span  receiving  the  wind  pressure  can  be 
found  with  sufficient  accuracy  from  Fig.  9c,  entering  it  with  a  span  length 
of  0.61.  Calling  the  area  thus  found  A  makes  the  wind  pressure  per  lineal 
foot  of  span  to  provide  for 

P  =  p'A.  [Eq.  17] 

The  entire  wind  pressure  will  be  assumed  to  be  carried  by  the  lateral 
system  of  the  suspended  span  to  the  towers,  thus  ignoring  any  assistance 
that  may  be  given  by  the  cradling  of  the  cables.  In  some  cases  this  is 
correct,  but  in  others  it  causes  a  small  error  on  the  side  of  safety. 

Let  b  =  the  perpendicular  distance  between  the  central  planes  of 
trusses. 

The  moment  from  the  wind  pressure  will  be 

M^  =  Vs  PP;  [Eq.  18] 

and,  assuming,  for  convenience  in  figuring,  that  the  two  lateral  systems 
are  combined  into  one,  the  maximum  chord  stress  will  be 

^  =  — ;  [Eq.  19] 

and  the  average  will  be 

PP 
S'  =  y^S  =  ~^.  [Eq.  20] 

For  wind  pressure  the  unit  tensile  working  stress  is  thirty  (30)  per 
cent  greater  than  that  for  live  and  dead  loads;  hence  the  average  area 
of  one  combined  chord  will  be 

a  =  7^  =  TT-^T--  Eq.  21 

1.3  s       15.6  OS 

To  this  must  be  added  about  twenty  per  cent  to  allow  for  rivet  holes, 

making  the  gross  area 

1.2  Pl^         PP  ,^     „„, 

«i  =    .,..      =  Tirr-;  [Eq.  22] 

15.b OS        13  OS 

3.4  PP 

and  the  corresponding  weight  of  stoc^l  per  lineal  foot  is    '      — .    Assuming 

the  weight  of  the  details  to  be  40  per  cent  of  that  of  the  main  sections, 
the  weight  of  one  chord  of  the  combined  horizontal  trusses  will  be 
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As  thero  are  two  chords,  the  total  weight  per  hncal  foot  will  he 

3.4  PI-   _      PP 
13  6  s        1.37  o« 

8  PP  ,„     „ ., 

or,  say  for  convenience,   =  -——: — .  [i^q-  24J 

'      -^  libs 

Before  comhininjz;  Eq.  24  and  Eq.  15,  it  will  be  necessary  to  substitute 
1.3s  for  s  in  the  portion  of  the  latter  which  pertains  to  the  chords,  making 

(        M„       3.26  F,„/p2  +  2rf2v  ] 

Z't=  1.4^3.9—^  + -i^ )  [Eq.  25] 

(         s  s       ^     dp     ^  ) 

The  total  weight  of  metal  per  lineal  foot  in  the  two  trusses  will  be  given 

])y  that  one  of  the  fol' owing  two  equations  which  indicates  the  larger 

value: 

T  =  2Zt  [Eq.  26] 

8  PP 
or  T  ^2Z't  +  2W^  =  2Z\  +  — —  [Eq.  27] 

11  0  s 

For  railway  bridges,  the  weight  F  per  lineal  foot  of  span  for  the  floor 
system  is  easily  ascertained  from  the  proper  diagram  of  Chapter  LV,  and 
the  weight  L  per  lineal  foot  of  span  for  the  lateral  system  can  be  found 
therefrom  either  directly  or  by  extension ;  but  for  highway  bridges  it  will 
be  necessary  to  figure  these  values  directly. 

The  total  weight  per  lineal  foot  of  span  for  both  the  metal  and  the 
flooring  of  track  (Ft)  will  be 

Wi=  T-hF  +  L  +  Ff  [Eq.  28] 

To  this  will  have  to  be  added  Ws,  the  approximate  weight  per  lineal 
foot  of  span  for  the  suspenders,  and  an  assumed  weight  Wc  per  lineal  foot 
of  span  for  the  cables. 

The  total  load  per  lineal  foot  for  computing  the  stresses  in  the  latter 
will,  therefore,  be 

W/  =  Wi+  Ws  +  Wc  +  2w;  (1  +  r'),  [Eq.  29] 

r'  being  the  coefficient  of  impact  for  a  span  I  as  given  in  one  of  Figs.  7c, 
7d,  and  7e.  This  is  for  all  of  the  supporting  cables  and  must  be  divided 
by  ri'i,  the  number  of  cables,  in  order  to  obtain  the  total  load  per  foot  Wo 
per  cable  for  computing  the  size.  The  values  of  Wg  and  Wc  will  have  to 
be  first  assumed  and  then  computed,  but  the  work  involved  in  so  doing 
is  quite  small,  especially  as  it  is  likely  that  one  or  two  trials  will  suffice 
to  determine  the  sizes  and  weights  with  sufficient  accuracy. 

It  must  not  be  forgotten  that  the  greatest  load  on  the  hangers  will 
occur  when  the  span  is  fully  loaded  and  not  when  the  greatest  concen- 
tration comes  at  the  panel  point  in  question,  as  is  the  case  for  ordinary 
truss  spans.  Again,  the  impact  to  use  in  figuring  the  hanger  stress  is 
that  for  the  whole  span,  I,  and  not  that  for  two  panel  lengths  of  the  truss, 
as  is  customary  in  ordinary  bridge  designing. 

If  V  is  the  panel  length,  or  distance  between  consecutive  hangers,  the 
load  per  hanger  for  each  cable  will  be  W^  V.     This  may  be  used  in  laying 
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off  a  force  diagram  and   an  equilibrium  polygon  to  coincide  with  the 

cable,  from  which  the  tension  at  any  point  in  the  latter  is  readily  scaled. 

Or  the  total  load  per  cable  may  be  expressed  in  pounds  per  lineal  foot 

of  span  and  the  following  well  known  formula  used  for  finding  the  stress 

in  the  said  cable:  ^        W2  P  r-r-,     «  -. 

^c  =  -^  sec  a,  [Eq.  30] 

where  a  =  angle  that  the  tangent  to  the  curve  makes  with  the  horizontal 
axis  at  the  point  considered,  and  /  =  deflection  of  cable. 

At  the  point  where  the  cable  is  supported  the  tension  becomes 


f^|n-f?.  IE,.  31, 


Dividing  this  by  the  allowable  unit  stress  gives  the  required  section  of 
cable,  from  which  an  estimate  of  weight  may  readily  be  made. 

Up  to  this  point  the  assumption  has  been  that  the  stiffening  trusses 
are  free  to  rise  at  their  ends;  but  if  they  are  anchored  down,  the  figures 
for  bending  moments  and  shears  will  be  somewhat  different;  and,  con- 
sequently, the  weight  of  metal  in  the  trusses  will  be  changed. 

The  maximum  positive  and  negative  bending  moment  for  ends  an- 
chored, as  shown  by  Prof.  Burr  and  other  writers,  is  given  by  the  equation, 

M  =  — •  [Eq.  32] 

The  moment  to  be  provided  for,  allowing  for  the  effect  of  the  reversal 

of  stresses,  will  then  be 

1.75  wF      wP        ^„^„     „ 
"^  =       54       =  ^  =  -0^23  wP  [Eq.  33] 

Let  I2  be  the  length  of  simple  span  which,  for  the  same  load  per  lineal 
foot,  will  give  the  above  moments;  then 

M  =  -  =  — ,  [Eq.  34] 

and  k  =  0.5  I.  [Eq.  35] 

The  equivalent  span  length  for  shear,  however,  will  be  about  six-tenths 
of  that  of  the  stiffening  truss,  the  same  as  in  the  case  of  the  span  with 
free  ends. 

The  maximum  moment  occurs  at  the  third  points,  hence  the  chords  of 
the  middle  third  of  the  span  will  have  to  be  of  uniform  section.  If,  as  in 
the  previous  case,  the  moments  be  assumed  to  vary  uniformly  from  the 
points  of  maximum  to  zero  at  the  ends,  the  average  moment  will  be  0.67 
of  the  said  maximum,  or  exactly  the  same  as  in  the  simple  span. 

The  methods  of  finding  the  weights  of  metal  for  stiffening  trusses 
with  anchored  ends  are  the  same  as  those  in  the  case  of  trusses  with  free 
ends,  except  that  in  this  case  the  average  moment  is  67  per  cent  of  the 
maximum,  as  was  just  stated,  and  that  the  average  shear  for  which  th(^ 


z' 
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web  members  are  to  be  designetl,  after  allowing  for  the  effect  of  stress 
reversal,  is  1.6  times  the  maximum  shear.  We  then  get,  instead  of 
Equation  15,  the  fornmla, 

\         M^      6.52  F,„/p2  -\-2d\  ) 

Although  the  numerical  coefficients  within  the  brackets  of  Eq.  36  are 
larger  than  the  corresponding  ones  of  Eq.  15,  the  resulting  value  of  Z<  is 
smaller,  because  in  Eq.  36  the  value  of  M^  is  only  .0323  wV^  instead  of  .0451 
\d",  ami  Vm  is  exactly  one-half  of  what  it  was  formerly,  viz.,  3^  wl  instead 
of  3<t  »'?•  From  this  it  will  be  seen  that  the  anchoring  of  the  ends  of  the 
span  saves  between  20  and  25  per  cent  of  the  weight  of  the  chords  of  the 
trusses,  but  has  no  effect  at  all  on  that  of  the  webs. 

The  corresponding  change  in  Eq.  25  will  give 

(  as  s       ^      a  p      /  ) 

Substituting  the  values  of  Zt  and  Z't  given  respectively  in  Eq.  36  and 
Eq.  37  will  indicate  the  proper  value  of  T  to  use  when  finding  the  total 
weight  of  metal  per  lineal  foot  of  trusses. 

It  will  be  noted  that  the  method  outlined  applies  to  trusses  of  nickel 
steel  or  other  alloy  steel,  as  well  as  to  those  of  ordinary  carbon  steel; 
for  the  value  of  s  can  be  chosen  to  suit  the  material  used.  It  thus 
makes  it  possible  to  determine  in  a  short  time  what  kind  of  steel  is  best 
suited  for  any  structure.  In  this  comparison  there  must,  of  course,  be 
taken  into  account  the  changes  in  the  sections  of  the  hangers  and  cables 
due  to  the  changes  in  the  weights  of  the  stiffening  trusses. 

No  attention  has  been  paid  to  the  condition  of  intermediate  hinges  in 
stiffening  trusses,  because  the  author  does  not  see  any  real  advantage  in 
using  them;  for  while  they  may  effect  a  certain  saving  of  metal  in  the 
trusses,  they  certainly  cause  a  loss  of  rigidity  in  the  structure.  It  would 
be  bad  policj^  on  the  part  of  the  designer  to  sacrifice  even  a  small  portion 
of  the  none  too  adequate  stiffness  of  a  suspension  bridge  in  order  to  make 
a  small  reduction  in  its  cost. 

The  economic  depth  for  stiffening  trusses  has  been  determined  theo- 
retically by  Dr.  D.  B.  Steinman  in  his  excellent  little  book  on  "Suspen- 
sion Bridges  and  Cantilevers."  He  finds  that  it  is  about  one-fortieth 
(/4o)  of  the  span,  and  states  that  this  is  somewhat  higher  than  the 
average  of  past  practice,  probably  because  most  designs  have  been  a 
compromise  between  the  demands  of  economy  and  those  of  aesthetics. 
In  his  opinion,  the  Williamsburg  Bridge,  which  is  the  only  long-span 
structure  conforming  to  this  economic  ratio,  is  marred  in  appearance  by 
the  excessive  depth  of  the  stiffening  trusses.  This  hmit  does  not  strike 
one  as  being  very  high,  though,  considering  the  fact  that  the  trusses  are 
generally  through  ones  and  that  they  must  provide  a  clear  headway 
ranging  between  twenty  and  twenty-five  feet.     If  twelve  hundred  feet 
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be  taken  as  the  mmimum  span  length  for  which  it  would  be  legitimate 
to  consider  the  adoption  of  a  suspension  bridge  for  railway  traffic,  the 
economic  truss  depth  would  be  thirty  feet,  which  is  a  little  shallower  than 
it  is  practicable  to  adopt  for  a  double-track  bridge  with  floor-beams  and 
portal  bracing  that  have  ample  depths  for  rigidity.  A  serious  objection 
to  employing  shallow  deck  stiffening  trusses  is  their  unsightly  appearance. 
All  things  considered,  it  is  generally  advisable  to  make  the  truss  depth 
as  shallow  as  the  governing  conditions  will  allow,  provided  that  the  eco- 
nomic depth  be  not  varied  from  too  radically. 

The  inferior  limiting  ratio  of  distance  between  central  planes  of  stiff- 
ening trusses  to  span  length  has  not  yet  received  due  attention  by  engi- 
neering writers.  The  author  is  of  the  opinion  that  it  ought  to  be  about 
as  one  is  to  thirty,  that  for  simple  spans  being  as  one  is  to  twenty.  There 
are  two  good  reasons  for  placing  a  minimum  limit  to  this  ratio,  viz.,  to 
avoid  vibration  and  to  make  the  various  compression  chords,  which,  in 
a  way,  form  one  long  strut  of  the  same  length  as  the  span,  have  a  reason- 
able ratio  of  length  to  radius  of  gyration.  For  the  thirty-to-one  limit 
the  ratio  of  length  to  radius  of  gyration  would  be  about  sixty,  which  is 
well  within  the  bounds  of  good  practice  in  strut  proportioning. 

The  economic  cable  rise  for  many  years  has  been  recognized  as  vary- 
ing from  one-tenth  to  one-eighth  of  the  span  length.  For  bridges  in  which 
the  side  spans  are  without  suspenders.  Dr.  Steinman  finds  that  it  is  about 
one-ninth  of  the  main  span,  and  for  those  in  which  the  side  spans  are 
suspended  from  the  backstays  it  is  about  one-eighth  thereof. 

The  greatest  practicable  span  length  for  suspension  bridges  is  a  sub- 
ject to  which  much  attention  has  been  devoted  of  late  years.  In  1894  a 
special  board  of  officers  of  the  United  States  Engineer  Corps  was  appointed 
to  investigate  the  question;  and  they  found  a  limit  of  4,335  feet,  but  the 
assumptions  made  were  rather  arbitrary.  Dr.  Steinman  finds  that  the 
limit  varies  from  3,500  to  4,900  feet,  depending  upon  the  assumed  live 
load,  which  he  fixed  within  the  limits  of  10,000  and  20,000  pounds  per 
lineal  foot  of  span.  Defining  the  limiting  economic  span  as  that  at  which 
the  revenue  from  traffic  just  balances  the  annual  cost  of  the  structure, 
interest  and  everything  else  being  included.  Dr.  Steinman  finds  that  the 
limit  is  3,170  feet.  But  with  the  advent  of  a  high  alloy  steel  for  the 
stiffening  trusses  this  Hmit,  as  well  as  the  extreme  practicable  construc- 
tive limit,  will  be  increased — possibly  about  in  the  proportions  found  by 
the  author  for  cantilevers  in  his  paper  on  "The  Possibilities  in  Bridge 
Construction  by  the  Use  of  High  Alloy  Steels." 

In  order  to  make  clear  to  the  reader  the  method  herein  described  for 
finding  the  approximate  weights  of  metal  per  lineal  foot  of  span  in  riv- 
eted stiffening  trusses,  etc.,  by  using  the  various  diagrams  of  this  treatise 
and  the;  directions  given  in  this  chapter,  the  following  example  for  a  double 
track  railway  bridge  is  offered : 

Span  length 1,200  feet 
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Live  load Class  50 

Distance  c.  to  c.  of  trusses 40  feet 

Ends  of  trusses  free,  i.e.,  not  anchored  to  masonry. 
]\Ictal  all  carbon  steel. 

Assume  that  there  are  thirtj'-six  panels  of  thirty-three  and  a  third  feet 
each,  and  that  the  minimum  truss  depth  practicable  is  thirty-three  and 
a  third  feet,  gi\'ing  the  diagonals  an  inclination  of  forty-five  degrees. 

Referring  to  Fig.  55x  and  taking  a  span  length  of  800  feet,  which 
involves  a  width  of  40  feet  between  central  planes  of  trusses,  the  weight 
of  metal  in  the  floor  system  is  found  to  be  1,500  pounds  per  lineal  foot; 
and  an  extension  of  the  line  for  weight  of  lateral  system  to  1,200  foot  spans 
makes  the  weight  1,440  pounds  per  lineal  foot,  but  this  must  be  reduced 
for  the  smaller  width  to  about  1,200  pounds,  as  per  the  directions  given  in 
Chapter  LV. 

From  Fig.  6e  we  find  that  the  live  load  per  truss  for  a  span  of  720 
feet  (0.6Z)  is  5,400  pounds  per  lineal  foot,  and  from  Fig.  7c  that  the  im- 
pact for  a  double-track  railroad  bridge  of  that  span  is  ten  (10)  per  cent, 
making  the  total  live  load  per  truss  =  1.10  X  5,400  =  5,940,  say  6,000 
pounds;   and,  of  course,  there  is  no  dead  load  to  add. 

The  weight  of  metal  per  lineal  foot  per  truss  is  found  by  substituting 
the  preceding  values  in  Eq.  15,  giving 

7        1  1  L  pp., -0451X6,000  X  (1,200)^ 
^'  =  ^-^  P-^^  ^ 33.3  X  16,000 + 

3.26X6,000X1,200  ^  ,,    ,   ^,  [ 
4X16,000  X(l  +  2j.^. 

=  1.4(3,697  +  1,110)  =6,700  lbs.  nearly. 
The  intensity  for  the  wind  pressure  on  a  1,200-foot  span  is  35  — ~r  = 

23 ;  and  from  Fig.  9c  we  find  by  extrapolation  that  the  area  of  trusses  per 
lineal  foot  on  a  double-track  railroad  bridge  of  720  feet  span  is  37.6  square 
feet,  and  that  on  the  floor  is  7.6  square  feet,  making  a  total  of  45.2  square 
feet,  which  multiplied  by  23  makes  1,040  pounds  per  lineal  foot. 

The  average  extra  weight  of  chord  metal  per  lineal  foot  for  resisting 
wind  pressure,  according  to  Eq.  24,  will  be 

^  ^^        8  X  1,040  X  (1,200)^       ^  ^^  „ 
'  ^-  =     11X40X16,000     =  ^'^^  ^^^- 


Substituting  in  Eq.  25  gives 

0 
3 
3.26  X  6,000  X  1,200 


^  33.3  X  16,000 


4  X  16,000 
=  1.4  (2.844  +  1,110)  =  5,536  lbs. 
T  =  2  Zt  =  2  X  6,700  =  13,400 


X  (1  +  2)  I 


058  BRIDGE    ENGINEERING  Chapter  XXV TT 

and  T  =  2  Z' t  +  2  W^  =  2  (5,536  +  1,700)  =  14,472  lbs. 

Adding  to  this  the  weight  of  metal  in  the  floor  and  lateral  systems  gives 
17,172  lbs.  as  the  total  weight  of  metal  per  lineal  foot  in  the  span.  To  this 
should  be  added  about  800  lbs.  for  the  two  tracks,  making  about  18,000 
lbs.  as  the  dead  load,  or  9,000  lbs.  per  lineal  foot  per  truss. 

The  live  load  per  lineal  foot  per  truss  for  a  1,200-foot  span,  as  per  Fig. 
6e,  is  about  5,300  pounds,  and  the  impact  for  that  span  length,  as  per 
Fig.  7c,  is  eight  (8)  per  cent.,  making  the  total  live  load  about  5,700  pounds. 
Adding  to  this  the  dead  load  just  found  makes  14,700  pounds  as  the  total 
load  per  lineal  foot  per  side.  The  load  on  one  hanger  will,  therefore,  be 
14,700  X  33.3  =  485,000  pounds. 

Combining  the  live  load  over  the  full  span  with  the  weight  of  the 
stiffening  trusses,  the  floor  and  lateral  systems,  the  track,  the  hangers,  and 
the  cables,  the  total  load  carried  to  the  towers  is  ascertained.  The  vertical 
component  of  the  tension  in  the  backstays  is  to  be  added  to  that  from 
the  cables.  The  towers  are  to  be  designed  as  columns  subject  to  bending, 
if  movement  of  saddles  is  not  provided  for,  or  if  the  lower  ends  of  their 
steel  columns  be  not  hinged.  These  towers  may  be  built  as  braced  steel 
bents  resting  on  masonry  piers,  or  as  masonry  columns  or  shafts.  The 
question  of  adopting  fixed  or  hinged  ends  for  the  feet  of  steel  tower-posts 
is  still  an  unsettled  point.  The  author  favors  the  hinged  ends  in  order  to 
avoid  large  bending  moments  on  the  columns  from  eccentricitj'  of  loading. 
He  once  designed  a  wooden  tower  for  a  highway  suspension  bridge  and 
figured  on  hinged  ends;  but  during  his  absence  from  the  office,  while  the 
detail  plans  were  being  made,  the  chief  draftsman  upon  his  o'wn  respon- 
sibihty  took  the  liberty  of  improving  (?)  the  design  by  changing  to  fixed 
ends.  A  few  years  after  the  erection  was  completed  the  columns  got  a 
little  off  the  vertical,  due,  probably,  to  some  slight  stretch  in  the  back- 
stays, and  some  bending  resulted.  Most  of  the  trouble  was  corrected 
by  an  adjustment  that  had  been  provided  in  the  anchorage;  but  the 
author  was  glad  that,  when  in  due  time  it  became  necessary  to  renew  the 
timber^  he  was  able  to  substitute  metal  therefor  and  to  put  in  hinged 
ends  at  the  feet  of  the  four  columns. 

The  backstays  must  be  attached  to  anchorages  which  have  unyield- 
ing foundations,  such  as  rock.  With  any  less  stable  foundation  material, 
a  certain  amount  of  movement  or  displacement  is  apt  to  occur  when 
the  anchorage  is  subjected  to  the  pull  of  the  cable.  Any  displacement 
of  one  or  more  supports  causes  disturbances  in  the  distribution  of  stresses 
in  the  span. 

The  preceding  approximate  method  of  figuring  suspension  bridges  will 
enable  the  designer  to  arrive  at  a  provisional  estimate  of  cost  and  will  also 
furnish  data,  such  as  weights,  areas,  and  moments  of  inertia,  needed  for 
the  more  accurate  methods  of  analysis.  For  such  methods,  the  reader  is 
referred  to  "Modem  Framed  Structures,"  Part  II,  by  Johnson,  Bryan, 
and  Turneaure;  "Suspension  Bridges,"  by  Prof.  Wm.  H.  Burr;    and  to 
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''Melau's  Theory  of  Ardies  aiitl  Suspension  Bridges,"  translated  by  Prof. 
D.  B.  Steinman. 

That  even  with  the  best  possible  system  of  analysis  there  is  consid- 
(Tal)le  aniljiguity  of  stresses  in  the  stiffening  trusses  of  suspension  bridges 
goes  ^^^thout  saying;  but  it  is  unavoidable.  If  it  be  properly  anticipated 
and  provided  for  according  to  the  latest  and  most  approved  theory,  it 
vnW  do  no  great  harm.  It  has  been  rumored  that  the  crippling  of  one 
of  the  trusses  of  the  Brooklyn  Bridge  a  few  years  ago  was  due  to  this 
cause;  but,  of  course,  when  it  was  designed,  over  forty  years  ago,  there 
was  not  as  much  known  about  the  computation  of  stresses  and  the 
science  of  proportioning  as  there  is  at  the  present  time. 

There  are  only  two  conditions  in  this  country  that  call  for  the  adop- 
tion of  a  suspension  bridge.  The  first  is  at  a  wide,  high  crossing  of  a  river 
or  gorge  where  a  cheap  highway  bridge  is  needed,  and  even  in  such  a  case 
careful  figuring  should  be  done  so  as  to  see  whether  some  more  simple 
style  of  structure  camiot  be  built  for  less  money.  While  it  is  true  that 
the  suspension  bridge  can  be  erected  almost  entirely  without  falsework, 
it  must  be  remembered  that  the  cantilever  and  the  arch  do  not  require 
verj^  much,  and  that  simple  spans  can  be  constructed  by  semi-cantilever- 
ing,  thus  avoiding  excessive  expense  for  temporary  supports.  If  any  other 
type  than  the  suspension  bridge  can  be  built  for  such  a  highway  crossing 
at  about  the  same  cost  as  the  latter,  the  more  rigid  structure  should  be 
adopted,  because  light  suspension  bridges  are  very  vibratory;  and,  more- 
over, they  do  not  resist  wind  pressure  as  well  as  the  other  bridges,  because 
of  the  fact  that  there  is  often  nothing  but  the  weight  of  the  floor  alone 
to  prevent  an  uplifting  wind  from  destroying  the  structure,  or,  at  least 
from  injuring  it  so  materially  as  to  put  it  out  of  commission  for  some  time. 
The  second  condition  referred  to  is  that  of  a  span  so  long  as  to  make 
the  suspension  type  so  much  cheaper  than  the  cantilever  that  it  has  to 
be  adopted.  The  question  of  the  comparative  economy  of  cantilevers 
and  suspension  bridges  is  treated  at  length  in  Chapter  LIII,  to  which 
the  reader  is  referred  for  further  information. 

The  longest  suspension  bridges  in  the  world  are  the  three  over  the 
East  River  unitmg  New  York  City  proper  and  Brooklyn.  The  longest 
of  them  is  the  Williamsburg  Bridge  with  a  span  of  1,600  feet,  and  next 
comes  the  old  Brooklyn  Bridge,  which  is  only  four  and  a  half  feet  shorter, 
and  then  follows  the  Manhattan  Bridge  with  a  span  of  1,470  feet.  There 
are  two  other  suspension  bridges  in  the  United  States  and  one  in  Mexico 
having  spans  exceeding  one  thousand  feet  in  length,  but,  as  far  as  the 
author  can  ascertain,  there  are  no  others  in  the  world  that  come  up  to 
the  latter  hmit,  the  next  longest  being  the  one  over  the  Danube  at  Buda- 
Pesth  with  a  span  of  951.5  feet.  In  Merriman  and  Jacoby's  "Roofs  and 
Bridges"  and  in  Merriman's  "American  Civil  Engineers'  Pocket  Book'' 
will  be  found  a  list  of  the  twenty-one  longest  spans  in  America. 

Some  longer  suspension-bridge  spans  than  these  have  been  contem- 
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plated  and  even  computed  with  more  or  less  detail — mainly  several  pro- 
jected structm:"es  to  cross  the  North  River  at  New  York  City.     Messrs. 

Geo.  S.  Morison,  Gustav  Lindenthal,  and 
Henry  W.  Hodge  have  made  designs  for 
that  crossing;  and  it  is  not  at  all  unlikely 
that  the  last-mentioned  engineer  and  his 
financial  associates  in  the  not  very  distant 
future  will  succeed  in  consummating  the  en- 
terprise. For  the  sake  of  the  engineering 
profession  as  well  as  for  other  good  reasons, 
it  is  to  be  hoped  that  they  will  be  successful. 
The  building  of  such  a  structure  as  the  one 
they  contemplate  would  be  a  fitting  climax 
to  an  already  brilliant  professional  career. 

In  Fig.  27a  is  sho^vn  a  layout  of  the  pro- 
posed structure.  From  this  it  will  be  seen  that 
the  main  span  is  to  have  a  length  of  2,880 
feet,  and  each  flanking  span  one  of  1,020 
feet,  making  the  total  length  of  the  bridge 
proper  {i.e.,  exclusive  of  the  approaches) 
4,920  feet.  Including  the  approaches,  it  is 
8,330  feet  long.  The  maximum  grade  is  2.48 
per  cent.  The  vertical  clearance  above  the 
water  is  170  feet,  and  the  total  height  of  the 
towers  above  the  same  is  about  630  feet. 
Each  half  of  the  main  span  and  each  anchor- 
arm  are  composed  of  four  crescent-shaped 
trusses,  the  chords  of  which  are  the  suspen- 
sion cables,  consisting  entirely  of  eye-bars, 
and  the  webs  of  which  are  rigid  members. 
The  layout  is  so  made  that  the  tension  in 
the  cables  will  always  exceed  the  compres- 
sion on  the  chords  of  the  trusses,  rendering 
any  stiffening  of  these  members  unnecessary. 
It  is  intended  to  make  these  eye-bars  of 
some  alloy  steel  that  will  give  a  minimum 
elastic  limit  of  80,000  pounds  per  square  inch 
in  the  finished  bars.  Mr.  Hodge  counts  up- 
on being  able  to  obtain  such  metal  by  pay- 
ing, if  necessary,  an  exceedingly  high  price 
for  it ;  but  if  some  experiments  on  vanadium 
steel  that  the  author  has  in  contemplation 
prove  successful  (as  he  thinks  they  will,  if 
they  can  be  made),  the  desired  eye-bars  will 
be  procurable  at  a  very  reasonable  cost. 
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The  following  are  extracts  from  Mr.  Hodge's  report  of  March  18,  1913, 
to  the  New  York  State  Bridge  and  Tunnel  Commission  concerning  the 
proposed  structure. 

"We  have  assumed  that  the  bridge  should  have  a  capacity  for  eight  lines  of  rapid- 
transit  trains,  there  being  two  tracks  for  subway  trains,  two  for  elevated-railway  trains, 
two  for  New  York  (slot)  trolley  cars,  and  two  for  New  Jersey  (overhead)  trolley  cars; 
and  in  addition  thereto  we  have  provided  two  driveways,  each  36  feet  wide  and  having 
a  capacity  for  four  vehicles  abreast,  and  there  will  be  two  sidew^alks,  each  8  feet  wide, 
giving  a  splendid  point  of  view  for  pedestrians  during  naval  parade^  and  the  river 
pageants.  The  total  moving  load  of  all  lines  of  travel,  when  simultaneously  loaded, 
is  assumed  to  be  twenty  thousand  pounds  per  Uneal  foot  of  bridge. 

"We  have  assumed  the  clear  height  over  the  river  to  be  170  feet,  which  is  35  feet 
higher  than  any  of  the  bridges  over  the  East  River,  and  this  will  require  a  grade  of 
only  2.48  per  cent  from  Ninth  Avenue  to  the  New  York  pier,  and  thence  level 
to  the  Hudson  County  Boulevard  Loop  in  Weehawken.  The  clear  distance  between 
the  pier-head  lines  of  1897  at  this  site  is  2,730  feet,  making  a  span  of  2,880  feet  from 
centre  to  centre  of  towers,  which  will  make  the  longest  span  in  the  world,  but  thor- 
oughly practical  from  the  points  of  construction,  erection,  and  expense.  The  total 
length  of  the  bridge,  including  approaches,  is  8,330  feet  from  Ninth  Avenue,  New  York, 
to  the  Boulevard  in  Weehawken 

"A  suspension  tjpe  has  been  adopted  as  being  the  most  practical  and  economical 
for  this  type  of  span. 

"The  towers  will  be  of  steel,  reaching  a  height  of  about  six  hundred  feet  above 
the  water.  The  main  cables  will  be  stiffened  with  secondary  cables  and  web  members, 
and  the  anchorages  wUl  be  carried  into  the  natural  ledge  rock  on  each  shore. 

"All  Hues  of  travel  will  be  on  the  same  level,  thus  allowing  passengers  from  any 
train  or  trolley  car  readUy  to  transfer  to  any  other  line  in  case  of  a  block.  The  total 
width  of  the  floor  will  be  204  feet,  and  it  will  have  a  greater  capacity  than  any  bridge 
yet  constructed. 

"The  real  estate  requu'ed  for  the  approaches  wUl  not  be  verj'  expensive,  as  on  the 
New  York  side  the  land  in  this  vicinity  is  largelj^  unoccupied,  and  in  New  Jersey  there 
will  only  have  to  be  secured  an  easement  to  pass  high  over  the  West  Shore  Railroad 
freight-storage  tracks. 

"In  New  York  it  is  proposed  to  buy  the  land  between  two  cross  streets  from  the 
river  to  Ninth  Avenue,  thus  avoiding  all  abutting  damages,  and  after  the  structure  is 
completed  the  greater  portion  of  this  land  can  be  used  for  playgrounds,  pubUc  build- 
ings, warehouses,  or  any  other  class  of  buildings.  The  value  of  the  necessary  real 
estate  has  been  arrived  at  by  increasing  the  assessed  valuations  by  the  usual  allowances. 
The  total  estimated  cost  of  the  entire  undertaking  is  as  follows: 

"River  span  and  anchor  spans $27,100,000 

Approaches 1,900,000 

Total  structures $29,000,000 

Engineering  and  contingencies 2,900,000 

Real  estate 4,800,000 

Interest  during  construction 5,300,000 

Total  cost $42,000,000 

Construction  on  this  type  of  structure  can  be  carried  on  at  many  points  simul- 
taneousl}'^,  and  we  estimate  that  the  entire  work  can  be  completed  in  six  years  from 
the  time  work  is  commenced." 

In  October,  1896,  the  late  Geo.  S.  Morison,  Past  President  of  the 
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American  Society  of  Civil  Engineers,  presented  to  that  society  a  paper 
entitled  "Suspension  Bridges — A  Study,"  and  it  was  discussed  by  Messrs. 
T.  C.  Clarke,  Joseph  Mayer,  Francis  Collingwood,  Theodore  Cooper,  E. 
Gybbon  Spilsbury,  and  W.  H.  Breithaupt.  The  paper,  like  all  of  Mr. 
Morison's  ^vritings,  is  both  able  and  valuable  to  the  engineering  profession, 
as  are  likewise  the  discussions  thereon.  It  will  pay  well  any  one  inter- 
ested in  the  subject  of  suspension  bridges  to  read  thoroughly  both  the 
memoir  and  the  discussions.  The  basis  of  the  paper  is  a  study  for  a 
bridge  to  cross  the  North  River,  the  main  opening  thereof  being  3,080 
feet,  and  the  backstays  being  unloaded.  The  live  load  was  11,000  i)ounds 
per  lineal  foot  over  the  entire  structure,  or  but  little  more  than  half  of 
that  for  Mr.  Hodge's  later  design.  The  essential  feature  of  the  Morison 
design  was  that  the  cables  were  not  to  be  built  of  straight  wires  but  of 
wire  ropes,  socketed  at  the  tops  of  the  towers  and  in  the  anchorages. 
The  ends  of  the  stiffening  trusses  were  to  be  anchored  down,  and  there 
were  to  be  four  cables.  Mr.  Morison  estimated  that  it  would  require 
five  years  to  complete  the  structure. 

Mr.  Lindenthal's  design  for  this  crossing  was  made  in  the  late  eighties, 
and  was  described  by  him  in  a  paper,  entitled  "The  Economic  Conditions 
of  Long-Span  Bridges  with  Special  Reference  to  the  Proposed  North  River 
Bridge  at  New  York  City,"  and  read  before  the  American  Association  for 
the  Advancement  of  Science.  It  was  published  in  Engineering  News  for 
November  and  December,  1889. 


CHAPTER  XXVIII 


MOVABLE    BRIDGES    IN   GENERAL 


^lovABLE  spans  are  required  in  bridges  crossing  navigable  streams 
when  the}'  arc  not  liigh  enough  to  provide  proper  clearance  for  passing 
vessels.  Before  taking  up  the  subject  of  movable  structures,  it  will  be 
well  to  consider  the  relative  advantages  and  disadvantages  of  high  and 
low  bridges  for  the  crossing  of  great  rivers.  As  a  rule,  there  is  very  little 
difference  in  the  first  cost  of  a  high  and  of  a  low  bridge  for  any  such  cross- 
ing, what  little  there  is  generally  being  in  favor  of  the  latter  and  seldom 
amounting  to  more  than  ten  per  cent.  Each  pier  of  a  low  bridge  is  cheaper 
than  the  corresponding  pier  of  a  high  bridge;  but  this  saving  is  offset  by 
the  cost  of  the  pivot  pier,  which  is  extra.  The  superstructure  of  a  low 
bridge  may  be  a  trifle  lighter  than  that  of  the  corresponding  high  bridge, 
but  the  more  expensive  metalwork  of  the  draw  span  generally  overbal- 
ances this.  It  is  in  the  low,  short  trestle-approaches  that  the  low  bridge 
costs  less  than  the  high  one.  As  these  approaches  are  generally  built  of 
untreated  timber,  they  have  to  be  renewed  about  once  in  every  eight 
years,  and  the  cost  of  their  renewal  is  a  regular  fixed  charge,  which  lessens 
the  annual  net  income  from  the  bridge.  Herein  lies  the  superiority  of 
the  low  bridge  for  such  crossings.  Nor  is  this  its  only  advantage;  for, 
by  its  adoption,  there  is  avoided  considerable  climb  at  each  end  of  the 
structure.  On  the  other  hand,  the  low  bridge  involves  some  expense  for 
operation  in  excess  of  that  for  the  high  bridge,  which  is  quite  an  impor- 
tant matter  w^hen  there  is  much  river  traffic,  but  w'hich  is  of  shght  im- 
portance w^hen  the  draw  has  to  be  opened  only  a  few  times  per  season, 
as  is  the  case  with  bridges  over  most  western  navigable  streams.  Every- 
thing considered,  whenever  there  is  any  choice  between  a  high  and  a  low 
bridge,  especially  when  the  stream  does  not  carry  much  traffic,  the  au- 
thor favors  the  low  bridge,  not  so  much  because  of  its  smaller  first  cost, 
but  mainly  on  account  of  the  less  expense  required  for  maintenance. 

The  history  of  movable  bridges  goes  back  into  the  dim  and  distant 
past,  for  bascules  were  used  over  the  moats  that  surrounded  castles  dur- 
ing the  Dark  Ages,  and  the  pontoon  bridges  of  the  Romans  undoubtedly 
had  portions  that  could  be  removed  in  order  to  permit  the  passage  of 
vessels.  It  was  not  until  the  advent  of  timber  trusses  that  it  became 
possible  to  build  structures  across  navigable  streams  of  some  size,  and 
then  arose  the  problem  of  providing  a  passageway  for  both  vessels  and 
bridge  traffic.     Bascules  operated  by  hand  power  were   first  employed 
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for  this  purpose,  but  as  they  were  necessarily  limited  to  very  small  open- 
ings, the  next  step  was  the  evolution  of  the  swing  with  either  a  pivot  or  a 
turntable;  and  when  iron  and  steel  took  the  place  of  timber,  it  was  natural 
that  the  wooden  rotating  draw  should  be  copied  in  metal.  For  many 
years  the  swing  bridge  served  its  purpose  excellently,  and  even  to-day 
it  is  still  the  most  common  kind  of  movable  span;  but  with  the  advent 
of  great  business  on  the  waterways  its  defects  became  apparent.  In 
narrow  channels  the  obstruction  of  the  stream  by  the  pivot-pier  and  the 
draw  protection  is  a  serious  matter  as  far  as  navigation  is  concerned, 
and  in  many  cases  it  affects  material^  the  hydraulic  regimen.  Again, 
the  time  required  for  opening  and  closing  a  swing  in  a  crowded  city  is 
far  greater  than  the  populace  is  willing  to  submit  to  without  protest. 
Besides,  the  dock  front  adjacent  to  a  rotating  draw  is  not  available  for 
business.     On  these  accounts  the  various  kinds  of  lift  bridges  were  evolved. 

In  this  and  the  three  follo\\dng  chapters,  all  of  which  deal  with  mov- 
able bridges,  the  treatment  has  been  made  general  and  descriptive;  for, 
as  explained  in  the  Preface,  it  has  been  arranged  that  the  author's  former 
partner,  Mr.  Harrington,  is  soon  to  write  in  detail  a  complete  and  ex- 
haustive work  on  the  subject  of  "Movable  Bridges."  It  is  mainly  for 
this  reason  that  these  four  chapters  on  the  subject  do  not  illustrate  any 
details. 

Movable  bridges  may  be  divided  into  the  following  classes: 

1.  Ordinary  rotating  draws. 

2.  Bob-tailed  swing  spans. 

3.  Horizontal-folding  draws. 

4.  Shear-pole  draws. 

5.  Double,  rotating,  cantilever  draws. 

6.  Pull-back  draws. 

7.  Trunnion  bascule-bridges. 

8.  RoUing  bascule-bridges. 

9.  Jack-knife  or  folding  bridges. 

10.  Vertical  lift-bridges. 

11.  Gyratory  Uft-bridges. 

12.  Aerial  ferries,  transporter  bridges,  or  transbordeurs. 

13.  Floating  or  pontoon  bridges. 

The  ordinary  rotating  draws  will  be  discussed  at  length  in  the  next 
chapter. 

The  bob-tailed  swing  span  is  a  variation  of  the  ordinary  rotating  draw 
formed  by  shortening  one  of  the  arms  and  counterweighting  it  so  as  to 
balance  the  structure  about  the  two  principal  vertical  planes  containing  the 
axis  of  rotation.  It  is  not  a  common  tj^pe  of  construction  because  of  the 
objectionable  feature  of  unbalanced  wind  loads,  to  which  it  is  generally 
subjected.  It  is  needed  in  those  localities  where  the  pivot  pier  is  at  or  near 
one  bank  and  where  the  shore  arm,  if  of  the  usual  length,  would  interfere 
with  buildings  or  prevent  the  use  of  valuable  property.     As  far  as  the 
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cost  of  construction  is  concerned,  there  can  be  but  little,  if  any,  economy 
in  its  employment;  for  the  extra  cost  of  the  machinery  necessitated  by 
the  unbalanced  wind  load  added  to  the  cost  of  the  counterweights  must 
offset  the  net  saving  in  cost  of  superstructure  due  to  the  shortening  of 
a  moving  arm  and  the  corresponding  lengthening  of  the  adjacent  approach. 

The  horizontal-folding  draw  is  such  an  objectionable  style  of  railway 
bridge  construction  as  hardly  to  merit  even  a  passing  notice.  It  is,  of 
necessity,  applicable  to  only  very  short  spans.  It  consists  of  a  pair  of 
girders  spaced  about  five  feet  centres,  with  the  rails  attached  directly 
to  the  top  flanges,  stayed  at  intervals  by  hinged  struts  like  a  parallel 
ruler,  each  girder  being  hinged  at  one  end  to  the  abutment  upon  which  it 
rests,  Axath  the  other  end  tied  back  to  a  short  tower.  Such  an  arrange- 
ment permits  the  girders  to  revolve  laterally  nearly  ninety  degrees,  one 
bearing  being  located  in  advance  of  the  other  so  as  to  make  such  a  large 
rotation  possible.  Blocks  are  used  under  the  outer  ends  of  the  girders 
to  receive  the  live  load  reaction  and  thus  prevent  any  moving  load  effect 
upon  the  tower.  It  would  be  difficult  to  design  a  structure  more  crude 
or  unsatisfactory  than  this;  and  yet  it  is  said  that  there  are  still  many 
such  bridges  scattered  throughout  the  New  England  States.  In  addi- 
tion to  its  general  loose-jointedness  this  t^-pe  of  movable  span  has  the 
exceedingly  dangerous  feature  of  being  wholly  \\dthout  track  ties  or  real 
lateral  bracing  of  any  kind.  What  would  happen  to  both  it  and  the 
train  in  case  of  derailment  of  passing  wheels  would  not  be  at  all  difficult 
to  prognosticate!  The  unstiffened  condition  of  the  top  flanges  of  the 
girders  is  a  violation  of  an  important  requirement  in  scientific  bridge 
designing.  In  case  of  a  -wTeck  involving  either  the  loss  of  human  life 
or  personal  injury,  caused  by  a  structure  of  this  type,  the  jurj^  should 
certainly  find  the  railroad  ojBicials  guilty  of  criminal  carelessness  for  per- 
mitting such  a  glaring  breach  of  safe  construction  to  remain  on  their 
road. 

The  shear-pole  draw  is  somewhat  similar  to  the  horizontal-folding 
draw,  but  is  not  quite  so  objectionable,  as  it  permits  of  the  use  of  a  floor. 
It  has  a  single  leaf  turning  around  a  pivot  at  one  end,  the  other  end, 
while  swinging,  being  suspended  from  the  top  of  a  two-legged  shear-pole  by 
rods  which  are  connected  to  a  pivot  that  lies  directly  over  the  pivot  below. 
The  shear-pole  is  stayed  by  guy  rods.  When  the  bridge  is  closed  it  forms 
a  simple  span  supported  at  both  ends.  The  emplojonent  of  this  type  of 
opening  span  is  not  to  be  recommended. 

Very  few  double,  rotating,  cantilever  draws  have  yet  been  constructed. 
There  is  one,  built  many  years  ago,  across  the  canal  at  Cleveland,  Ohio; 
and  a  number  of  them  at  various  times  have  been  suggested  and  figured 
upon,  including  once  a  large  one  by  the  author.  The  advantages  claimed 
for  this  type  of  structure  are  a  wide  waterway  and  the  retreating  of  either 
span  without  serious  injury  when  struck  by  a  vessel  before  it  is  fully 
opened;    while  its  disadvantages  are  excessive  first  cost,  ambiguity  of 
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live  load  stress  distribution,  and  the  double  cost  of  operating  two  inde- 
pendent spans.  It  is  recognized,  of  course,  that  when  electricity  is  used 
as  the  motive  power,  both  spans  can  be  operated  by  one  man  by  means 
of  a  submerged  cable;  but  in  no  case  is  it  advisable,  on  account  of  pru- 
dential reasons,  to  handle  a  moving  span  without  a  man  upon  it  to  man- 
ipulate the  machinery  and  to  act  quickly  in  emergencies.  This  question 
of  single  and  double  operation  arises  also  in  the  case  of  double-leaf -bascule 
bridges.  The  double,  rotating,  cantilever  draw  consists  of  two  swing 
spans,  differing  but  little  from  those  of  the  ordinary  type,  each  resting 
upon  a  pivot  pier  and  meeting  at  mid-channel,  where  they  are  (or  should 
be)  locked  together  so  as  to  make  the  adjoining  ends  deflect  equally  and 
simultaneously.  The  other  end  of  each  swing  span  is  locked  to  the  ma- 
sonry of  the  outer  rest-pier,  which  has  to  act  as  an  anchorage  for  the 
cantilevered  live  load. 

Fig.  28a  shows  a  layout  of  the  Cleveland  bridge  referred  to  above. 
It  is  described  quite  fully  in  Engineering  News,  Vol.  XXXIV,  page  83! 

It  is  not  absolutely  necessary  to  make  the  shore  arms  of  the  same 
length  as  the  channel  arms,  because  each  or  either  swing  may  be  a  bob- 


Fig.  28a.     Double,  Rotating,  Cantilever  Draw  Bridge  over  the  Cuyahoga  River  at 

Cleveland,  Ohio. 

tailed  draw.  In  that  case  not  only  should  the  short  end  be  counter- 
weighted  but  also  there  should  be  added  near  its  extremity  a  vertical  sur- 
face of  sufficient  area  to  equalize  the  moments  of  the  wind  pressures  on 
the  two  arms  about  the  axis  of  rotation.  The  locking  gear  at  the  meeting 
ends  of  the  two  swings  is  an  awkward  and  unsatisfactory  detail  to  design. 
The  most  perfect  device  for  this  connection  must,  of  necessity,  be  more  or 
less  loose  and  clumsy;  and  it  is  likely  to  give  trouble  in  operation.  While 
this  type  of  bridge  cannot  be  as  rigid  as  the  ordinary  swing  span  type, 
nevertheless  it  is  possible  to  make  it  fairly  satisfactory  and  effective.  It  is 
not  probable  that  many  such  structures  will  ever  be  built,  because  there 
are  other  and  better  types  of  movable  spans,  some  one  or  more  of  which 
will  meet  any  special  conditions  better  and  more  economically  than  the 
double,  rotating,  cantilever  draw. 

The  pull-back  draw  is  also  a  very  unusual  type,  and  will  always  be 
so,  for  the  reason  that  the  first  cost  is  great  and  its  operation  is  expen- 
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sive.  This  type  may  be  divided  into  two  classes:  first,  structures  with 
one  span  over  the  entire  opening,  and,  second,  structures  with  two  spans 
over  the  entire  opening  meeting  at  midchannel,  as  in  the  case  of  the 
double,  rotating,  cantilever  draw.  The  first  class  requires  a  truss-bridge 
nearly,  if  not  quite,  twice  as  long  as  the  width  of  channel  between  pier 
centres,  the  bottom  chords  thereof  running  on  two  groups  of  rollers  that 
travel  just  half  as  fast  as  the  bridge  when  the  span  is  moved  longitudinally. 
Although  the  shore  arm  may  be  made  shorter  than  the  channel  arm,  still  its 
weight  must  be  such  that  its  moment  will  be  somewhat  greater  than  the 
tipping  moment  of  the  weight  of  the  channel  arm  just  as  it  leaves  the 
farther  pier.  A  disappearing  platform  will  be  required  so  as  to  leave 
space  on  the  approach  for  the  shore  arm  to  move  back,  or  else  the  whole 
bridge  will  have  to  be  rotated  slightly  about  a  horizontal  axis  so  that  it 
can  roll  up  onto  the  approach.  Either  method  is  very  clumsy,  and  the 
operation  of  the  bridge  consequently  must  be  slow.  The  double  pull- 
back  draw  is  similar  to  the  single  pull-back  draw  just  described,  except 
that  the  far  end  of  each  span  has  to  be  anchored  down  to  a  mass  of  ma- 
sonry when  the  bridge  is  closed  and  ready  for  traffic,  and  the  ends  meet- 
ing at  mid-channel  must  be  locked  together  as  in  the  case  of  the  double, 
rotating,  cantilever  draw. 

In  the  competition  for  designs  for  a  movable  structure  to  cross  the 
entrance  channel  to  the  harbor  of  safety  at  Duluth,  Minn.,  held  about  a 
quarter  of  a  century  ago,  the  author  prepared  and  submitted  a  plan  for 
a  double,  pull-back  draw-bridge;  and  although  he  evolved  a  structure 
that  would  have  worked,  he  was  far  from  satisfied  with  the  design,  and 
in  consequence,  submitted  another  for  a  vertical  lift — the  first  bridge  of 
that  type  ever  proposed  in  America  for  the  passing  of  high-masted  vessels. 

In  connection  with  this  competition  there  was  an  amusing  occurrence 
that  illustrates  the  general  futility  of  having  engineers  compete  on  plans. 
Designs  had  been  called  for  on  the  basis  of  using  the  pull-back  draw,  the 
prize  being  one  thousand  dollars  in  cash  and  the  engineering  of  the  struc- 
ture. The  author's  design  for  a  vertical-lift  bridge  was  selected  by  a 
Committee  of  five  of  Duluth's  leading  citizens  as  the  best  and  most  satis- 
factory of  all  the  plans  submitted,  and  it  was  decided  to  build  upon  it, 
provided  the  consent  of  the  War  Department  could  be  secured.  The 
chairman  of  the  committee  was  a  Norwegian,  and  a  Norwegian  engineer 
had  submitted  a  design  for  a  single-leaf,  pull-back  draw  of  mammoth 
proportions  and  a  monstrosity  in  more  ways  than  one — for  instance,  the 
railroad  trains  had  to  enter  the  structure  on  a  twenty-five  degree  curve 
through  one  of  the  panels  of  one  truss!  Just  think  of  steam  railroad 
trains  on  such  a  sharp  curve  and  what  an  invitation  for  derailment  and 
disaster  such  an  arrangement  would  be!  A  derailment  there,  even  if  it 
did  not  destroy  the  bridge  entirely,  would  block  the  channel  completely 
against  navigation  until  the  wreck  could  be  removed  and  the  structure 
repaired.     The  committee  was  firmly  in  favor  of  the  vertical-lift  design. 
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I 
but  the  president  was  insistent  that  his  countrjTnan  receive  the  one  thou-       ' 
sand  dollar  prize,  which  he  did  by  a  compromise — the  author  being  re- 
tained for  a  two  thousand  dollar  fee  to  prepare  preliminary  plans  for  a 
vertical  lift  to  submit  to  the  War  Department,  vdih  a  promise  of  the       \ 
engineering  on  the  usual  percentage  basis  for  compensation  if  the  appli-       j 
cation  proved  successful.     The  excuse  given  for  not  awarding  the  cash       ; 
prize  to  the  designer  of  the  vertical  lift  was  that  "it  pulled  up  and  not 
back."     In  Engineering  News,  Vol.  27,  page  168,  and  Vol.  28,  page  390,       I 
will  be  found  descriptions  and  estimates  of  cost  for  the  various  designs 
submitted  in  this  competition.     The  outcome  of  the  whole  affair  was  that 
a  special  committee  of   U.  S.  Army  engineers  decided  against  permitting 
any  bridge  to  be  built  across  the  entrance  to  the  harbor  of  safety,  toning       ' 
down  their  adverse  decision  by  terms  of  eulogy  for  the  vertical-lift  design. 
Years  afterwards,  however,  the  War  Department  permitted  the  building 
at  the  crossing  of  an  aerial  ferry,  as  being  less  dangerous  for  navigation      j 
than  any  other  type  of  bridge.  I 

There  is  described  in  the  Engineering  Record  of  July  31,  1897,  a  double 
pull-back  draw  over  the  River  Dee  at  Queensferry,  Scotland.     It  provides       ' 
a  clear  opening  of  one  hundred  and  twenty  feet,  and  cost  about  $70,000.       i 
It  is  of  the  telescopic  type,  i.  e.,  each  half  of  the  opening  span  pulls  back      j 
and  telescopes  into  the  approach  span.     This  bridge  must  certainly  be      | 
lacking  in  rigidity,  and  the  transferrence  of  the  wind  loads  to  the  piers       | 
can  only  be  done  by  transverse  bending  of  the  truss  posts  of  the  approach       ' 
spans,  as  the  passage  of  the  movable  arm  through  its  interior  effectively 
precludes  any  attempt  to  provide  vertical  sway  bracing  except  at  the 
far  end.     If  the  vertical  posts  are  properly  figured  to  carry  transversely       j 
the  excessive  wind  load  required  by  the  British  standard  regulations, 
their  sections  must  be  enormous.     Because  of  its  inferiority  to  several 
other  types  of  movable  bridges,  it  is  more  than  likely  that  no  more  struc- 
tures of  the  pull-back  type  will  ever  be  constructed.  ; 

Trunnion-bascule   and   rolling-lift   bridges   are   treated   at   length  in       i 
Chapter  XXX,  which  deals  with  "Bascule  Bridges."  [ 

Jack-knife  or  folding  bridges  were  a  freak  design  that  passed  out  of 
existence  more  than  a  decade  ago.     Two  of  them  were  built  in  Chicago, 
but  they  proved  to  be  so  light  and  vibratory  and  were  so  continually  out 
of  order  that  they  were  soon  removed.     Each  half  of  a  jack-knife  bridge 
consists  of  two  steel  towers,  from  the  top  of  which  are  suspended  by  tie-       i 
rods  the  two  leaves  of  the  floor.     These  are  hinged  together  at  their 
point  of  junction,  and  when  the  draw  is  to  be  opened  this  point  rises,  the 
other  ends  of  the  leaves  move  downward,  and  each  half  of  the  floor  assumes       j 
the  position  of  an  inverted  V.     In  this  position  a  portion  of  the  space       i 
between  the  piers  is  left  free  for  the  passage  of  vessels;  and  it  was  claimed       ' 
that    "the   raised    floors   form    effective   guard    gates."     Unfortunately, 
though,  the  said  guards  are  badly  placed,  as  there  is  left  in  front  of  each       I 
of  them  a  big  opening  in  the  floor  for  animals  and  vehicles  to  fall  into.  | 
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Concerning  this  type  of  structure  in  1897  the  author  wrote  thus  in  his 
De  Pontibus: 

"The  jack-knife  or  folding  bridge  is  a  type  of  structure  which  is  not  at  all  likely 
to  become  common.  There  have  been  only  two  or  three  of  them  built  thus  far,  and  they 
have  been  often  out  of  order;  moreover,  considering  the  size  and  weight  of  bridge,  the 
machinery  used  is  jiowcrful  and  expensive.  The  load  on  the  machinery  while  either 
opening  or  closing  the  briilgo  is  far  from  uniform,  and  the  structure  at  times  almost 
seems  to  groan  from  the  hard  labor.  The  characteristic  feature  of  the  jack-knife 
bridge  is  the  fokling  of  the  two  bascule  leaves  at  mid-length  of  same  when  the  bridge 
is  opened.  The  loose-jointedness  involved  by  this  detail  is  by  no  means  conducive  to 
rigidity,  Jievertheless  these  structures  arc  stiffer  than  one  would  suppose  from  an  ex- 
amination of  the  drawings.  The  Canal  Street  Bridge,  Chicago,  is  of  this  type;  and  its 
design  is  illustrated  in  Engineering  News  of  December  14,  1893." 

Anyone  desirous  of  learning  more  concerning  this  defunct  type  of 
movable  bridge  is  referred  to  Engineering  News,  Vol.  25,  page  486,  and 
Vol.  30,  page  480. 

Vertical  lift  bridges  are  treated  at  length  in  Chapter  XXXI. 

The  gj'ratory  lift  bridge  is  another  freak  structure — impracticable, 
uneconomic,  but  exceedingly  ingenious.  The  design  was  evolved  and 
patented  by  Eric  Swensson,  Esq.,  C.  E.,  of  Minneapolis,  for  a  crossing 
of  "The  Narrows"  on  Lake  Minnetonka  near  that  city.  As  far  as  the 
author  knows,  the  proposed  structure  was  never  built.  It  was  described 
in  Engineering  Neivs,  Vol.  59,  page  367.  It  consists  of  a  pony-truss  or 
plate-girder  span  suspended  by  trussed  hangers  from  trunnions  bearing 
on  a  tower  at  each  abutment.  The  draw  is  opened  by  revolving  the  main 
roadway  trusses  in  an  arc  around  the  horizontal  longitudinal  axis  marked 
by  the  trunnions.  The  upper  portions  of  the  trussed  hangers  carry 
counterweights  equal  in  weight  to  the  suspended  span  so  that  friction 
and  wind  are  the  only  forces  for  the  machinery  to  act  against.  Motors 
and  gears  are  placed  in  the  towers,  the  said  gears  engaging  with  circular 
racks  attached  to  the  hangers  and  extending  over  arcs  of  180  degrees, 
so  as  to  control  directly  the  turning  of  the  span.  When  the  bridge  is  in 
its  normal  position,  wedges  are  to  be  placed  under  the  extreme  ends  so 
that  the  live  load  will  be  carried  directly  to  the  abutments  and  not  through 
the  hangers  to  the  trunnions.  Solely  on  account  of  its  novelty  and  the 
ingenuity  employed  in  its  evolution,  the  illustration  given  in  Engineering 
News  is  reproduced  in  Fig.  286.  This  type  of  movable  bridge  is 
uneconomic  in  the  extreme,  the  two  most  expensive  features  being  the 
excessive  length  of  the  moving  span,  as  compared  with  the  horizontal 
clearance,  and  the  two  sets  of  operating  machinery.  If  one  will  com- 
pare this  structure  with  the  vertical  lift  adopted  as  standard  by  the  South- 
ern Pacific  Railway  Company  and  illustrated  in  Figs.  31/i  and  3 It,  he 
cannot  help  being  struck  by  the  great  difference  in  the  economics  of  the 
two  types.  Another  objectionable  feature  of  the  "gyratory  lift"  is  the 
turning  of  the  floor  bottom  upwards.     This  would  preclude  the  employ- 
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ment  of  any  kind  of  pavement,  and  would  necessitate,  for  a  highway  bridge, 
the  adoption  of  a  plank  floor — a  detail  that  is  incompatible  with  first-class 
bridge  construction. 

The  aerial  ferry,  transporter  bridge,  or  transhordeur,  is  a  type  of  con- 
struction which  may  very  properly  be  termed  a  cross  between  a  bridge 
and  a  ferryboat.  From  the  point  of  view  of  efficiency  in  transportation 
it  is  decidedly  inferior  to  the  former  but  somewhat  superior  to  the  latter. 
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Fig.  286.     The  Gyratory  Lift  Bridge. 


Its  excuse  for  existence  is  solely  that  the  navigation  interests  will  consent 
to  its  being  built  in  certain  localities  where  a  real  bridge  of  any  kind, 
except  one  of  long  span  and  great  vertical  clearance,  would  not  be  per- 
mitted. It  consists  of  two  towers,  an  overhead  span  high  enough  to 
clear  the  masts  of  the  tallest  vessels,  a  track  on  the  span,  a  car  running 
upon  the  track,  and  a  travelling  platform  suspended  from  the  car.  There 
is  but  one  structure  of  this  type  in  America,  but  a  number  of  them  have 
been  built  in  Europe.  The  American  one,  as  already  mentioned  in  this 
chapter,  crosses  the  entrance  channel  to  the  harbor  of  safety  at  Duluth, 
Minn.  A  description  of  it  is  given  in  Engineering  News,  Vol.  47,  page 
227.     It  consists  of  a  riveted  truss  span  of  394  feet  supported  on  steel 
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towers  resting  on  pile  and  concrete  foundations,  and  having  the  bottom 
chord  of  the  sjian  135  foot  in  the  dear  above  high  water.  The  ferry-car 
is  suspended  by  stiff  riveted  hangers  from  trucks  running  on  tracks  placed 
within  the  bottom  chords  of  the  trusses.  It  is  proportioned  to  carry  a 
loaded  street  car  weighing  21  tons  and  a  live  load  of  100  pounds  per  square 
foot  on  all  the  floor  space  not  occupied  by  the  car.  In  Fig.  28c  is  given 
a  sketch  of  this  bridge.  It  will  be  noticed  that  the  ferry-car  has  to  cross 
not  only  the  canal  but  also  a  driveway  on  each  side  thereof.  At  each  end 
of  its  travel  it  passes  inside  of  the  tower  out  of  the  way  of  everything 
and  coimects  to  a  short  ramp  leading  to  the  street.  The  ferry-car  is 
operated  by  electricity  at  an  ordinary  speed  of  four  miles  per  hour  with 
capacity  for  moving  much  more  rapidly  should  the  necessity  arise. 

The  first  transhordeur  built  in  Europe  is  the  one  at  Rouen,  illus- 
trated in  Fig.  28c/.  It  was  designed  by  a  French  engineer,  Monsieur  F. 
Arnodin,  and  a  Spanish  architect,  Senior  A.  de  Palacio.  As  the  illustra- 
tion indicates,  the  overhead  structure  is  of  the  suspension  type,  which, 
owing  to  the  long  span  and  hght  live  load  that  generally  are  ruling  factors 
in  aerial  ferry  structures,  is  eminently  fitted  for  the  purpose. 

Other  bridges  of  this  type  are  as  follows: 

Transhordeur  across  the  harbor  at  Marseilles,  France,  with  a  span 
of  541  feet  and  a  car  33  feet  by  39  feet.  (See  the  Proceedings  of  the 
Institution  of  Civil  Engineers,  Vol.  167,  p.  404.) 

Transporter  Bridge  at  Newport,  England,  with  a  span  of  645  feet 
and  a  vertical  clearance  of  177  feet.     (See  same  publication,  page  405.) 

The  Widner  and  Runcorn  Transporter  Bridge  over  the  Mersey,  Eng- 
land, with  a  span  of  1,000  feet  (see  Proceedings  of  the  Institution  of  Civil 
Engineers,  Vol.   165,  p.  87). 

Cableway  at  Brighton,  England,  with  a  suspension  span  of  650  feet 
and  a  car  capable  of  carrying  only  eight  persons.  (See  Engineering 
News,  Vol.  33,  p.  67.) 

Transhordeur  near  Bilboa,  Spain,  with  a  span  of  500  feet  and  a  car 
capable  of  carrying  150  passengers,  the  time  for  transit  being  one  minute. 
(See  Engineering  News,  Vol.  30,  p.  260.) 

Transhordeur  at  Bizerte  over  the  Canal  (Tunis)  with  a  span  of  358 
feet  and  a  car  30  feet  by  25  feet.     (See  Le  Genie  Civil  of  Nov.  21,  1903.) 

Transhordeur  over  the  Loire  at  Nantes,  France,  with  a  cantilever  sus- 
pension span  of  490  feet  and  a  car  40  feet  by  33  feet.  (See  the  Railroad 
Gazette  of  August  26,  1904.) 

Transporter  Bridge  across  the  Manchester  Ship  Canal,  having  a 
clear  span  of  1,000  feet.  (See  the  Scientific  American,  of  May  28,  1904, 
p.  420.) 

Transhordeur  at  Martron,  France,  having  a  span  of  460  feet  and  a 
car  46  feet  by  38  feet.     (See  Le  Genie  Civil  of  Nov.  21,  1903,  p.  35.) 

The  advantages  usually  claimed  for  the  transporter  bridge  are  as 
follows : 


Fig.  28d.     Transporter  Bridge  at  Rouen,  France. 
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1.  The  channel  to  be  crossed  is  left  entirely  clear  at  all  hours,  without  requiring 
vessels  to  make  any  special  signals  or  modify  their  rate  of  speed  any  more  than  they 
would  in  case  of  a  cross-channel  ferry. 

2.  No  increase  of  distance  or  ascent  or  descent  is  forced  on  the  traffic  in  order  to 
cross  from  one  shore  to  the  other. 

The  disadvantages  are  these: 

1.  The  limited  carrying  capacity  of  the  structure. 

2.  The  long  time  usually  required  to  cross. 

If  the  author  were  ever  called  upon  to  design  a  transporter  bridge, 
he  would  effect  a  great  improvement  by  \\ddening  the  structure  so  as  to 
provide  for  a  double  track  and  would  carry  on  it  four  or  more  cars.  These 
cars  would  always  travel  upon  the  right  hand  track,  and  would  run  onto 
a  single  track  at  each  end  of  span  where  they  would  discharge  and  take  on 
passengers.  Again,  he  would  use  powerful  electric  motors  so  as  to  travel 
at  high  speed.  By  these  means,  the  carrying  capacity  of  the  bridge  would 
be  multiplied  many  fold  and  the  time  required  for  transit  would  be  reduced 
to  a  minimum,  because  the  intervals  between  cars  could  readily  be  made  as 
small  as  one  minute,  requiring  only  sufficient  time  to  unload  and  reload 
the  foot  passengers  and  vehicles.  The  car  should  be  made  double  deck, 
the  pedestrians  being  carried  above;  and  the  roadway  should  have  a 
double  track,  the  right  one  being  for  the  use  of  a  single  street-car  and 
the  left  for  two,  or  possibly  three,  wagons.  At  the  end  of  the  trip  the 
car  would  leave  first,  and  the  wagons  would  follow  immediately,  edging 
over  to  the  right  so  as  to  permit  of  the  ingress  of  the  oncoming  car,  which 
in  its  turn  would  be  followed  by  wagons  to  occupy  the  left  hand  side. 
While  the  vehicles  would  be  going  off  and  others  getting  on,  the  upper 
deck  could  easily  be  emptied  of  its  pedestrians  and  refilled. 

There  is  prevalent  an  idea  that  floating  or  pontoon  bridges  are  em- 
ployed only  in  communities  where  the  inhabitants  are  absolutely  too  im- 
pecunious to  build  a  permanent  structure,  and  that  they  are  a  makeshift 
in  every  sense  of  the  word,  are  expensive  to  operate,  and  require  much 
time  to  open  and  close  for  the  passage  of  vessels.  This  popular  notion 
is  not  altogether  correct,  for  there  are  some  locations  in  which  floating 
bridges  with  movable  spans  are  not  only  legitimate  construction  but  are 
truly  economic.  For  instance,  up  to  1908  (and  possibly  to  the  present 
time)  the  Chicago,  Milwaukee  &  St.  Paul  Railway  Company  was  oper- 
ating four  pontoon  draw  spans,  two  of  them  having  been  in  use  since 
1875  and  one  since  1883.  They  appear  to  have  given  satisfactory  service 
and  to  have  proved  economical.  Their  life  has  been  about  twelve  years 
and  their  first  cost  about  twenty  or  twenty-five  per  cent  of  that  of  a  per- 
manent structure.  Concerning  these  C,  M.  &  St.  P.  R'y  bridges,  the  reader 
is  referred  to  Engineering  News,  Vol.  59,  p.  474.  It  is  quite  true  that 
floating  draws  are  usually  expensive  both  to  operate  and  to  maintain, 
notwithstanding  the  experience  of  the  C,  M.  &  St.  P.  R'y  Co.  to  the  con- 
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trary.  The  governing  conditions  must  have  been  more  favorable  ili;ui 
those  often  encountered;  for  tlie  author  knows  of  a  number  of  pontoon 
bridges  that  had  to  be  abandoned  soon  after  their  completion  because 
of  excessive  difficulty  and  expense  in  maintenance.  Pontoon  bridges  have 
been  built  from  time  immemorial  and  are  still  much  used  for  military 
purposes.  It  is  practicable  to  employ  a  floating  draw  with  fixed  ap- 
proaches of  either  spans  or  trestle;  but,  on  account  of  the  variation  in 
water  level,  this  expedient  is  resorted  to  generally  only  for  temporary 
purposes.  Pontoon  bridges  are  often  short  lived,  as  the  boats  are  occa- 
sionally carried  far  dowoi  stream  during  freshets,  or  are  broken  up  by 
floating  trees,  logs,  or  vessels.  Under  adverse  conditions  they  are  very 
perishable  and  are  easily  put  out  of  commission.  There  is  one  type  of 
pontoon,  though,  that  is  a  necessity  in  certain  places,  viz.,  those  located 
at  the  ends  of  ferries  where  there  are  large  variations  in  the  water  level. 
Such  structures,  strictly  speaking,  may  not  really  come  within  the  scope 
of  this  chapter.  In  Engineering  News,  Vol.  21,  page  308,  there  is  given 
a  description  -with  working  drawings  of  a  passenger  ferry  bridge  for  the 
New  York,  Lake  Erie  &  Western  Railroad;  and  in  The  Engineering 
Record,  Vol.  48,  p.  489,  there  will  be  found  a  very  complete  article  treating 
of  the  New  Orleans  Railway  Incline  Bridge. 

In  The  Engineer  of  June  28,  1912,  there  is  described  a  novel  and  unique 
design  for  a  floating  bridge  across  the  Hoogly  River  between  Calcutta  and 
Howrah,  India — in  fact,  there  are  two  designs,  quite  similar  in  character, 
as  illustrated  in  Figs.  28e  and  28/.  The  banks  of  the  river  are  of  mud, 
and  the  bed  is  silt  so  loose  as  to  be  incapable  of  supporting  with  safety 
any  load  whatsoever.  On  this  account  a  floating  bridge  is  a  necessity. 
Messrs.  Head,  Wrightson  &  Co.,  the  designers,  have  solved  the  problem 
in  a  masterly  and  clever  manner.  Each  of  their  layouts  consists  of  two 
approach  spans  of  about  480  feet  each  and  two  bob-tailed  swing  spans 
having  the  longer  arms  150  feet  in  length  and  the  shorter  ones  about  70 
feet.  At  the  shore  ends  the  approach  spans  rest  on  masonry  abutments, 
and  at  the  river  ends  both  they  and  the  swing  spans  are  supported  by 
immense  pontoons,  each  composed  of  eight  water-tight  steel  cyUnders 
15.5  feet  in  diameter  and  220  feet  long.  In  one  design  this  platform  of 
cylinders  floats  on  the  surface  of  the  river,  but  in  the  other  it  is  submerged, 
being  firmly  anchored  into  the  mud  by  vertical  rods  attached  to  steel 
cylinders  filled  w4th  concrete  and  buried  therein.  In  both  cases  the 
pontoons  are  anchored  up  and  down  stream  by  chains  attached  to  similar 
buried  cylinders  situated  some  400  feet  above  and  below  the  bridge 
tangent.  If  the  pontoons  float  upon  the  surface  of  the  river,  the  outer  ends 
of  the  shore  spans  rise  and  fall  with  the  changes  in  water  level,  thus  put- 
ting heavy  grades  in  the  track;  but  if  they  are  submerged,  the  rising 
and  falling  of  the  water  will  have  no  appreciable  effect  on  the  superstruc- 
ture. Provision  was  made  for  repairing  or  removing,  one  at  a  time, 
the  various  cylinders  without  interfering  with  either  the  traffic  over  the 
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bridge  or  the  operation  of  the  swing  spans.     For  further  details  of  these 
two  designs  tlie  reader  is  referred  to  the  columns  of  The  Engineer. 

In  Enijinccring  News,  Vol.  70,  p.  1,018,  there  is  given  a  most  interest- 
ing description  of  the  new  pontoon  bridge  over  the  Golden  Horn  at  Con- 
stantinople. It  has  a  clear  roadway  of  4G  feet  and  two  18-foot  sidewalks, 
the  total  length  between  abutments  being  1,530  feet.  The  swing  span, 
which  is  hinged  at  one  end,  can  turn  through  180  degrees.  It  is  moved 
by  propellers  fore  and  aft,  operated  electrically.  In  the  flanking  portions 
of  the  bridge  the  pontoons  are  placed  longitudinally,  one  on  either  side 
of  the  structure;  and  they  carry  trusses  spanning  transversely  of  the 
bridge,  on  which  trusses  the  floor  rests.  The  movable  or  draw  section 
of  the  structure  has  transverse  pontoons  which  leave,  when  it  is  closed, 
two  boatways,  each  39  feet  wide  with  17.5  feet  of  vertical  clearance. 
The  draw  has  a  length  of  205  feet. 

To  protect  the  structure-traffic  when  the  span  is  open,  gates  should 
be  provided  at  the  ends  of  all  movable  spans  of  highway  bridges.  They 
should  be  arranged  so  as  not  to  interfere  with  the  traffic  when  the  span 
is  closed  and  so  as  completely  to  block  all  passage  before  it  begins  to 
open.  Where  the  traffic  in  both  directions  uses  the  same  roadway,  the 
gates  are  best  arranged  in  pairs  at  each  end  so  that  one  of  each  pair  can 
be  closed  to  oncoming  vehicles  and  pedestrians  and  the  others  shut  just 
as  soon  as  the  traffic  is  off  of  the  movable  span.  Where  separate  road- 
ways are  employed  for  the  travel  in  the  two  directions,  a  single  gate  at 
each  end  of  each  roadway  is  generally  used.  These  are  arranged  so  that 
the  gates  ob^ructing  the  oncoming  traffic  are  shut  first:  and  the  other 
gates  are  closed  against  pedestrians  as  soon  as  the  movable  span  is  cleared. 
This  same  construction  is  adopted  also  for  single  roadways  with  Hght 
traffic  in  both  directions  that  can  be  easily  handled.  In  such  cases  it  is 
not  infrequent  to  omit  the  gates  altogether,  the  bridge  tender  merely 
stretching  a  hea\y  rope  across  the  roadway  at  each  end.  Various  types 
of  gates  are  employed,  those  swinging  in  a  horizontal  plane  being  the 
most  common.  The  pivots  are  placed  near  the  trusses;  and  when  not 
in  use,  the  gates  are  swung  up  against  the  latter  out  of  the  way  of  passing 
vehicles,  latching  into  place  automatically.  Various  types  of  folding  gates 
that  are  operated  vertically  about  horizontal  axes  have  been  used,  the 
main  objection  to  them  being  the  danger  of  striking  passing  vehicles  and 
pedestrians  when  they  are  being  lowered.  This,  of  course,  is  not  very 
important  where  gatemen  are  employed;  but  when  the  gates  are  oper- 
ated from  the  machinery  house,  it  is  a  serious  matter.  The  same  is  true 
also  of  lifting  gates  which  are  dropped  across  the  roadway  from  above 
or  raised  from  beneath  the  floor. 

The  character  of  the  construction  of  the  gates  will  depend  on  the  use 
to  which  they  are  to  be  put.  If  they  are  merely  to  serve  the  purpose  of 
a  tell-tale,  a  very  heavy  gate  is  not  needed;  but  where  provision  is  to 
be  made  for  collision  with  a  horse,  wagon,  or  automobile,  a  substantially 
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designed  construction  is  necessary.  Stops  should  be  provided  at  the  ends 
of  swinging  gates  to  hold  them  when  shut.  These  may  consist  of  pointed 
rods  pivoted  above  the  bottom  of  the  gate  and  stuck  into  the  pavement 
when  the  said  gate  is  closed.  The  gates  are  usually  made  of  structural 
shapes,  although  wood  is  sometimes  employed.  The  horizontaUy-swing- 
ing  and  the  direct-hfting  gates  are  generally  of  latticed  construction,  while 
the  folding  gate  is  made  up  of  angle  jQanges  at  top  and  bottom  connected 
by  hinged  parallel  bars.  The  operation  may  be  effected  by  hand  or  by 
machinery  controlled  by  the  bridge  operator.  As  a  rule,  gatemen  are  em- 
ployed to  handle  the  traffic  and  to  operate  the  gates  as  well.  This  is  the 
surest  method  of  preventing  accidents.  With  very  heavy  traffic  the 
operation  of  the  movable  span  and  that  of  the  gates  should  be  done  by 
different  men,  working  with  an  efficient  system  of  s-ignals. 

The  question  of  what  is  the  best  kind  of  power  for  operating  movable 
bridges  is  not  difficult  to  answer,  for  where  electricity  is  available  it  is 
the  best  and  usually  the  cheapest  energy  to  employ.  But  there  are 
movable  bridge  locations  where  electricity  is  not  available,  and  in  such 
cases  the  best  power  to  adopt  is  that  produced  by  a  gasoline  engine.  The 
latter  is  superior  to  the  steam  engine,  because  with  steam  the  fires  must 
always  be  kept  going  at  great  expense  for  both  fuel  and  attendance,  but 
with  a  gasoline  engine,  except  when  the  river  traffic  is  very  dense,  caus- 
ing constantly-recurring  calls  for  an  open  draw,  there  is  no  burning  of  fuel 
except  during  operation.  Steam  machinery  used  to  be  employed  quite 
generally  for  operating  swing  spans,  but  no  one  nowadays  ever  thinks 
of  adopting  it.  Hydraulic  power  has  also  been  used  in  the  past  for  oper- 
ating bridges,  especially  in  Europe;  but  it  imavoidably  involved  the  em- 
ployment of  such  excessively  expensive  machinery  that  it  never  became 
popular.  Compressed  air  has  been  adopted  a  few  times  in  both  America 
and  Europe  for  operating  swing  spans,  not,  however,  as  a  primary  but 
as  a  secondary  power.  It  is  not  likely  ever  to  be  used  in  the  former 
manner,  because  the  existence  of  an  independent  source  of  supply  of 
compressed  air  in  the  vicinity  of  a  movable  bridge  involves  a  most  im- 
probable combination  of  conditions;  hence  it  would  be  necessary  to  com- 
press and  store  the  air  by  an  electric  motor,  gas  engine,  or,  possibly  hy- 
draulic machinery  in  case  there  was  an  available  water  power  in  the 
neighborhood.  Electricity  is  certainly  the  ideal  power  for  handling  mov- 
able spans,  especially  when  there  is  available  more  than  one  source  of 
supply.  If  there  be  but  one,  and  if  the  stream  carry  much  trafl&c,  as  a 
matter  of  precaution  the  designer  should  install  either  a  storage  battery 
or  an  auxiliary  gasoline  engine  capable  of  operating  the  structure  at 
moderate  speed. 

Where  natural  gas  is  available  and  cheap,  it  is  sometimes  economic 
to  adopt  a  gas  engine;  but  even  under  these  conditions  it  is  difficult  to 
compete  successfully  with  electricity,  especially  when  the  items  of  interest, 
depreciation,  and  repairs  are  duly  considered,  for  these  are  much  greater 


MOVABLE    BRIDGES    IN   GENERAL  §79 

when  either  gas  or  gasohne  is  used  than  when  electricity  is  the  motive 
power.  The  much  greater  weight  and  heavier  vibration  of  the  gas  engine 
or  the  gasohne  engine  as  compared  with  tlie  electric  motor  militates  ma- 
terially against  its  employment  for  operating  bridges,  because  it  costs 
money  to  support  weight  even  in  the  tower  of  a  swing  span,  and  excessive 
vibration  is  certainly  a  disadvantage  that  should  not  be  ignored. 

In  Engineering  News  of  Oct.  13,  1910,  there  is  a  paper  by  S.  F.  Nichols, 
Esq.,  E.  E.,  who  is  an  acknowledged  authorit}^  on  electrical  engineering, 
entitled  "The  Electrical  Operation  of  Drawbridges."  His  statements  con- 
cerning the  superiority  of  electricity  as  the  motive  power  are  so  clear 
and  conclusive  that  the  author  takes  the  liberty  of  quoting  from  the 
said  paper  as  follows: 

"The  electric  motor  has  many  points  to  recommend  it,  with  few  disadvantages.  It  is 
%ery  light  and  compact,  and  it  is  very  conveniently  reversed.  It  is  capable  of  sus- 
taining a  very  heavy  overload  for  short  periods,  which  enables  it  to  take  care  of  the 
very  difficult  problem  of  accelerating  a  heavy  mass  and  also  of  operating  the  bridge 
against  high  wind  pressures  that  may  occasionally  be  experienced.  It  is  almost  noiseless 
in  operation.  It  requires  comparatively  Uttle  attention,  and  when  periodically  inspected 
the  possibility  of  its  getting  out  of  order  and  refusing  to  work  is  very  remote. 

"Being  compact,  it  can  be  located  very  close  to  the  point  where  the  power  must 
be  used.  This  makes  it  possible  to  locate  the  operator  at  the  most  convenient  position 
from  the  standpoint  of  accessibiUty  or  where  the  best  view  can  be  obtained  of  the  river 
or  railroad  or  highway  traffic.  The  motors  can  be  located  on  a  moving  portion  of  the 
structure  while  the  operator's  house  is  located  on  the  fixed  part." 

INIr.  Nichols'  statement  regarding  the  overload  capacity  of  a  motor 
applies,  of  course,  to  direct-current  motors  only;  but  the  other  points  are 
true  for  alternating-current  motors  as  well. 

For  bridges  of  importance  it  is  certainly  good  practice  to  have  as 
many  sources  of  power  as  possible  available  for  use  in  an  emergency, 
and  if  both  electric  current  and  an  independent  source  of  energy  can  be 
furnished,  the  duplication  is  well  worth  the  extra  cost  that  it  involves; 
for  reliability  is  the  prime  desideratum  to  be  attained. 

In  respect  to  the  amount  of  power  required  for  mechanically  operated 
bridges,  there  is  a  good  rule  given  by  Albert  Henry  Smith,  Esq.,  C.  E., 
in  his  discussion  of  Schneider's  paper  on  "Movable Bridges,"  viz.,  to  allow 
one  horse-power  for  each  fifteen  tons  of  weight  to  be  swung.  This  pro- 
vides ample  margin  for  taking  care  of  excessive  wind  pressures,  and  gives 
plenty  of  power  to  open  and  close  the  bridge  rapidly.  The  rule  was  es- 
tablished for  swing  spans;  and  it  applies  very  well  on  the  average  for 
vertical-lift  bridges,  provided  that  the  figured  tonnage  includes  the  counter- 
weights and  all  moving  parts. 

No  matter  what  kind  of  power  may  be  employed,  every  movable  span 
should  be  provided  with  a  means  for  operating  it  slowly  by  hand  in  order 
to  meet  the  possible  emergency  of  the  failure  of  all  other  powers. 

It  is  often  necessary  for  an  engineer  to  make  a  rough  or  hurried  esti- 
mate of  cost  of  power  installation  for  a  movable  span.     Of  course,  this 
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A\dll  vary  greatly  with  the  numerous  ruUng  conditions,  especially  the 
time  of  operation;  but  assuming  them  all  to  be  averages  of  those  usually 
encountered,  the  author  has  prepared  the  diagrams  recorded  in  Fig.  28g, 
which  show  for  swings,  vertical  lifts,  and  bascules  the  first  costs  per 
weight  unit  of  100,000  pounds  for  power  installation.  These  curves, 
which  are  applicable  to  direct-current  and  gasoline  engine  but  not  to 
alternating-current  operation,  are  recommended  for  use  in  preliminary 
estimates  only,  as  each  individual  case  should  sooner  or  later  be  worked 
out  accurately  after  all  the  conditions  have  been  thoroughly  and 
finally  determined.  With  alternating  current  the  cost  of  power  installa- 
tion will  be  about  twenty-five  per  cent  greater  than  that  for  direct 
current. 

The  best  kind  of  movable  bridge  to  adopt  for  any  crossing  will  de- 
pend gi'eatly  upon  the  conditions  that  exist  there.  Generally  the  vertical 
lift  or  the  bascule  is  superior  to  the  swing  for  the  following  reasons: 

First.  Either  of  the  lifts  provides  one  comparatively  large  clear  open- 
ing instead  of  the  two  smaller  ones  involved  by  the  swing. 

Second.  It  offers  less  obstruction  to  the  flow  of  water,  owing  to  the 
absence  of  the  draw  rest  and  (generally)  also  to  the  smaller  number  of 
piers. 

Third.  The  cost  of  maintenance  is  less  because  of  the  necessity  of 
maintaining  a  perishable  draw  rest  for  a  swing  span. 

Fourth.  The  danger  of  the  span's  being  struck  by  passing  vessels  is 
much  greater  in  the  case  of  a  swing  than  in  that  of  either  kind  of  lift. 

Fifth.  The  time  of  operation  is  two  or  three  times  as  long  for  a  swing 
as  for  either  style  of  lift. 

Sixth.  The  lifts  generally  afford  better  automatic  adjustment  of  the 
railroad  tracks  than  do  swing  spans,  although  with  proper  precautions 
there  should  be  no  danger  of  accident  on  account  of  derailment  caused 
by  improper  track  adjustment.  A  serious  accident  from  this  cause 
occurred  at  Atlantic  City  on  October  21,  1906,  in  which  a  number  of 
people  were  killed. 

Seventh.  The  swing  bridge  often  interferes  with  adjacent  valuable 
property,  which  neither  type  of  hft  does,  because  the  location  of  lifts 
is  always  confined  to  the  city  street  or  the  company's  right-of-way. 

Eighth.  In  case  of  future  enlargement  of  bridge  to  accommodate  an 
increase  of  traffic,  the  swing  bridge  has  to  be  torn  down  and  rebuilt,  while 
a  vertical  lift  or  a  bascule  can  simply  be  duplicated  alongside. 

Ninth.  The  wider  the  roadway  of  a  swing  bridge  the  more  obstruc- 
tive does  it  become  to  navigation,  while  the  widening  of  a  lift  does  no 
harm  thereto  whatsoever. 

Tenth.  In  passing  vessels  with  low  masts  a  swing  has  to  open  just 
as  fully  as  for  a  high-masted  craft,  which  is  not  the  case  with  a  vertical 
lift  or  a  bascule.  In  this  regard  the  vertical  lift  has  a  decided  advantage 
over  the  latter  in  that  the  deck  remains  horizontal. 
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Fig.  28ff.     Cost  of  Power  Equipment  for  Movable  Spans. 
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Eleventh.  In  sand-bearing  streams  the  protection  works  at  the  pivot 
pier  cause  a  deposit  of  sediment  and  thus  often  tend  to  obstruct  navigation. 

Twelfth.  Generally  speaking,  the  first  cost  of  a  swing  bridge  is  more 
than  that  of  either  the  vertical  lift  or  the  bascule,  although  there  are 
occasional  exceptions.  This  question  is  discussed  at  length  in  Chapter 
LIII. 

Comparing  the  vertical  lift  with  the  bascule,  the  former  has  a  few 
advantages,  among  which  may  be  mentioned  the  following: 

First.  The  floor  is  always  horizontal,  permitting  the  use  of  a  block 
pavement,  which  cannot  well  be  employed  on  a  bascule. 

Second.  Great  wind  pressure  during  operation  has  no  appreciable 
effect  on  a  vertical  lift,  while  it  may  cause  serious  delay  to  a  bascule,  or 
even,  under  extreme  conditions,  prevent  its  operation  altogether. 

Third.  As  previously  indicated,  the  vertical  lift  does  not  have  to 
rise  so  high  for  low-masted  passing  craft  as  does  the  bascule,  and  thus 
it  saves  a  small  amount  of  time. 

Fourth.  In  railroad  bridges  when  the  moving  span  is  down  it  acts 
just  like  any  fixed  span  as  far  as  operation  under  traffic  is  concerned, 
which  cannot  be  said  for  either  the  bascule  or  the  swing;  or  in  other 
words,  for  railroad  traffic  the  vertical  lift  is  the  most  rigid  of  the  three 
types. 

Fifth.  In  case  of  a  shifting  channel,  it  is  feasible  at  very  moderate 
expense  to  make  a  number  of  the  spans  alike  and  to  arrange,  for  any  time 
in  the  future,  to  have  the  towers  and  machinery  taken  down,  trans- 
ferred, and  re-erected  so  as  to  lift  any  one  of  the  said  equal  spans.  This 
could  not  by  any  possibility  be  done  in  the  case  of  any  other  type  of 
movable  structure. 

Sixth.  The  vertical  lift,  when  its  towers  do  not  rest  on  flanking  spanS; 
lends  itself  readily  to  a  future  raising  or  lowering  of  the  grade  line  in  a  way 
that  no  other  type  of  movable  span  can  possibly  do ;  for  all  that  is  necessary 
is  to  change  the  elevation  of  its  bearings  at  the  four  corners  and  to  modify 
slightly  the  transverse  bracing  of  the  towers.  If  a  change  of  grade  be 
anticipated  when  the  plans  are  being  prepared,  provision  should  be  made 
therefor  by  increasing  adequately  the  heights  of  the  towers;  but  if  at 
any  time  the  grade  on  a  vertical-lift  bridge  of  the  type  mentioned,  for 
which  no  such  preparation  had  been  made,  has  to  be  raised  to  such  an 
extent  that  the  required  clear  headway  ^vilI  be  interfered  with  because 
of  the  counterweights  reaching  the  new  decks  of  the  approaches  in  the 
towers,  the  result  desired  can  be  accomplished  by  arranging  for  a  small 
portion  of  the  said  approaches  to  move  either  laterally  or  vertically  out 
of  the  way  of  the  counterweights  whenever  a  very-tall -masted  vessel  has 
to  pass.  For  any  other  vessel,  however,  these  moving  approaches  would 
not  have  to  be  utilized;  consequently,  they  would  very  seldom  need  to 
be  operated. 

Seventh.    As  explained  in  detail  in  Chapter  LIII,  for  large  bridges,  long 
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opening  spans,  and  expensive  substructures  the  vertical-lift  bridge  costs 

less  than  the  bascule.  . 

In  the  1908  Transactions  of  the  American  Societij  of  Civil  Engineers 
there  is  a  masterly  paper  upon  the  subject  of  "Movable  Bridges,"  by 
Past-President  C.  C.  Schneider;  and  no  one  who  aims  to  be  a  bridge 
engineer  can  afford  to  neglect  studying  it  thoroughly. 


CHAPTER  XXIX 


SWING  BRIDGES 


There  are  three  general  classes  of  revolving  draw  bridges,  viz.,  the 
rim-bearing,  the  centre-bearing,  and  the  combined  rim-bearing  and  centre- 
bearing.  In  each  of  these  classes  a  bridge  may  be  either  equal  armed  or  bob- 
tailed.  Again,  rim-bearing  draws  may  have  either  one  or  two  supporting 
points  per  truss  at  the  pivot  pier.  Centre-bearing  draws  are  generally 
arranged  so  as  to  carry  the  dead  load  on  the  pivot  and  the  live  load  on  either 
a  drum  or  four  carriages  formed  of  groups  of  rollers.  Combined  rim-  and 
centre-bearing  draws  carry  a  portion  of  the  dead  load  on  the  pivot  and 
the  remainder  on  a  drum,  with  the  live  load  supported  as  in  the  last 
described  case.  Swing  bridges  may  be  classified  also  as  to  the  character  of 
their  main  girders  thus — plate  girder  swings;  open-webbed,  riveted-girder 
or  riveted-truss  swings;  and  pin-connected-truss  swings.  Another  general 
division  of  swing  bridges  is  in  relation  to  their  continuity  or  the  reverse 
for  the  travel  of  hve  load  shear  across  the  pivot  pier.  Most  structures 
are  more  or  less  continuous  in  this  regard;  but  a  few  have  been  designed 
and  built  in  such  a  manner  that,  when  the  ends  of  the  arms  are  raised 
to  their  normal  position  for  the  span  closed,  the  two  halves  of  the  struc- 
ture are  entirely  independent  of  each  other  in  respect  to  all  kinds  of  load- 
ing and  all  conditions  thereof.  Many  years  ago  the  author  designed  a 
small  swing  span  of  this  kind.  It  was  operated  by  man  power,  and  re- 
quired so  much  time  and  energy  to  lift  the  ends  adequately  that  he  has 
never  repeated  the  experiment.  Other  engineers  have  tried  similar  de- 
signs, and,  undoubtedly,  with  equally  unsatisfactory  results,  because  the 
type  has  not  persisted.  Once  more,  swing  spans  may  be  divided  into 
through,  half-through,  and  deck. 

In  addition  to  these  various  classes  of  swing  spans  one  will  occasion- 
ally run  across  some  freak  design  that,  if  perpetuated,  would  form  a  class 
of  its  own;  but  such  abnormal  variations  from  general  practice  are  either 
still-born  or  very  short  lived.  One  of  the  most  glaring  cases  of  this  kind 
is  described  in  Engineering  News,  Vol.  29,  p.  141.  Its  characteristic  fea- 
ture is  the  floating  of  the  movable  span  by  means  of  a  water-tight  steel 
tank  working  loosely  in  a  similar  shell  encased  by  the  concrete  of  the 
pivot  pier,  the  space  between  the  two  shells  being  filled  with  water.  Set- 
ting aside  the  abnormally  high  cost  of  such  a  contrivance,  just  think  of 
what  would  happen  should  the  inner  shell  spring  a  leak  or  should  the 
water  freeze!     It  was  suggested  by  someone  to  use  mercury  instead  of 
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water,  but  that  would  prove  a  costly  expedient,  for  mercury  is  expensive, 
and  it  has  a  bad  habit  of  evaporating  when  exposed  to  the  air.  This 
freak  design  won  the  first  prize  in  a  competition  on  plans  at  Sydney, 
N.  S.  W.,  in  1892,  but  the  author  has  never  heard  that  the  bridge  was 
constructed  according  to  the  said  design.  It  is  but  fair  to  state  that 
at  Sydney  there  would  be  no  danger  of  the  water  freezing.  It  is  stupid 
awards  of  this  kind  that  discourage  expert  bridge  engineers  from  com- 
peting on  plans. 

With  all  the  preceding  groupings  it  is  evident  that  there  are  many 
possible  kinds  of  swing  spans  differing  from  each  other  quite  materially. 
The  most  common  kinds  are  the  rim-bearings  ones,  and  of  these  the  deck- 
lilate-girder  and  the  riveted-through-truss  types  are  the  most  numerous. 
Half-through,  plate-girder  SAvings  occur  occasionally,  and  in  times  past 
pin-connected  rotating  draws  were  very  common;  but  of  late,  as  explained 
at  length  in  Chapter  XXXII,  riveted  trusses  have  supplanted  pin- 
connected  ones  in  spans  of  ordinary  length,  and,  indeed,  often  in  quite 
long  spans;  and  this  statement  holds  good  for  movable  as  well  as  for 
fixed  bridges. 

The  choice  between  rim-bearing  and  centre-bearing  swings  is  almost 
entirely  a  matter  of  taste;  for  there  is  no  great  difference  between  them  in 
the  cost,  what  little  there  is  being  in  favor  of  the  latter.  In  general  it  may 
be  stated  that  while  the  rim-bearing  draws  are  often  more  rigid  and  stable, 
the  centre-bearing  draws  move  with  less  friction.  In  respect  to  the  mini- 
mum dimensions  for  pivot  piers,  the  centre-bearing  structure  has  some- 
what the  advantage;  but  with  the  type  of  rim-bearing  draw  that  the 
author  has  for  many  years  been  building,  in  which  the  diameter  of  the 
drum  is  equal  to  the  perpendicular  distance  between  central  planes  of 
trusses  and  in  which  there  are  provided  at  least  eight  points  of  bearing 
for  the  span  upon  the  drum,  the  sa\ang  in  substructure  cost  by  adopt- 
ing the  centre-bearing  type  is  not  great.  Since  writing  De  Pontibus,  the 
author  has  had  occasion  to  modify  his  opinion  concerning  the  compara- 
tive merits  of  rim-bearing  and  centre-bearing  swings,  because  the  latter 
type  has  been  so  materially  improved  in  the  last  two  decades  that  it  has 
today  a  slight  advantage  in  both  initial  cost  and  ease  of  operation  over 
the  former;  but  he  still  adheres  to  the  adverse  opinion  expressed  in  that 
treatise  concerning  swings  that  divide  the  load  between  rim  and  pivot. 
While  it  is  not  impossible  to  build  satisfactory  bridges  of  that  type,  there 
is  always  a  certain  amount  of  ambiguity  in  regard  to  the  division  of  the 
load  between  those  places.  The  choice  between  rim-bearing  and  centre- 
bearing  swings  will  often  depend  upon  the  character  of  the  pivot  pier. 
In  a  late  alternative  design  for  the  moving  span  of  the  Pacific  Highway 
Bridge  over  the  Columbia  River  near  Portland,  Oregon,  which  is  being 
engineered  by  the  author's  firm,  the  swing  span  was  made  rim-bearing, 
and  the  pivot  pier  was  a  six-foot-thick  shell  of  concrete  covered  by  a 
reinforced  concrete  cap  four  feet  thick,  the  foundation  for  the  pier  being 
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very  long  piles.  This  construction  was  estimated  to  cost  somewhat  less 
than  a  pivot-bearing  swing  supported  by  a  solid  pier.  That  there  are 
still  conflicting  opinions  among  high  authorities  concerning  the  relative 
merits  of  the  rim-bearing  and  the  centre-bearing  swing  can  be  ascertained 
by  comparing  the  opinions  of  C.  C.  Schneider,  Esq.,  Consulting  Bridge 
Engineer,  as  expressed  in  his  paper  on  ''Movable  Bridges"  presented  at 
the  April  3,  1907,  meeting  of  the  American  Society  of  Civil  Engineers, 
and  of  C.  H.  Cartlidge,  Esq.,  Bridge  Engineer  of  the  Chicago,  Burlington, 
and  Quincj^  Railway,  as  stated  in  his  paper,  "The  Design  of  Swing  Bridges 
from  a  Maintenance  Standpoint"  presented  at  the  April  18,  1906,  meet- 
ing of  the  Western  Society  of  Engineers. 

Mr.  Schneider  says:  "The  centre-bearing  type,  designed  in  accord- 
ance with  good  modern  practice,  offers  more  advantages  than  the  rim- 
bearing  type,  and  should  always  receive  the  first  consideration  in  determin- 
ing upon  a  design.  It  requires  less  power  to  turn,  has  a  smaller  number 
of  moving  parts,  is  less  expensive  to  construct  and  maintain,  requires 
less  accurate  construction  than  the  rim-bearing  bridge,  and  does  not  as 
easily  get  out  of  order.  The  structural  and  the  operating  or  machinery 
parts  are  entirely  separate,  and  when  the  bridge  is  closed  it  forms  either 
two  independent  fixed  spans,  or  a  fixed  span,  continuous  over  two  open- 
ings, resting  on  firm,  substantial  supports.  There  are  no  ambiguities  in 
the  calculations  in  reference  to  the  distribution  of  the  load,  and  the  dis- 
tance required  from  base  of  rail  to  masonry  is  generally  less  than  that 
required  for  a  rim-bearing  bridge  with  proper  distribution  of  the  load 
over  the  drum.  Any  irregular  settlement  of  the  masonry  does  not  ma- 
terially affect  its  operation. 

"On  the  other  hand,  the  rim-bearing  bridge  requires  a  circular  girder 
or  drmn  of  difficult  and  expensive  construction,  a  ring  of  accurately- 
turned  rollers,  and  circular  tracks,  which  require  great  care  in  their  con- 
struction and  delicate  adjustment  in  their  erection  in  order  to  make  the 
bridge  operate  satisfactorily.  Repairs  are  troublesome  and  expensive, 
and  any  irregular  settlement  of  the  masonry  will  throw  the  whole  turning 
apparatus  out  of  order." 

On  the  other  hand,  Mr.  Cartlidge  says:  "The  writer's  experience  with 
centre-bearing  draw-spans  has  been  such  as  to  prejudice  him  against  them 
for  spans  of  any  magnitude.  It  seems  difficult  at  any  reasonable  cost  to 
proportion  the  pivot-bearing  so  that  it  will  not  wear;  and  any  wear  on 
a  pivot-bearing  is  expensive  to  repair.  On  one  draw  the  wearing  away 
of  the  bronze  bearing  in  the  pivot  allowed  the  upper  and  lower  castings 
to  rub,  making  the  turning  of  the  draw  a  very  noisy  operation,  while  the 
few  wheels  provided  to  steady  the  span  while  turning  were  overloaded 
and  cut  the  circular  track  badly." 

It  is  a  difficult  matter  to  choose  between  the  opposing  dicta  of  two 
such  eminent  authorities.  Mr.  Schneider's  experience,  extending  over  an 
unusually  long  professional  career,   lias  ]:>een  mainly  in  designing  and 
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manufacture,  and  Mr.  Cartlidgo's  in  erection  and  operation.  Mr. 
Schneider  is  of  the  opinion  that  centre-bearing  bridges  are  adapted  for 
single-track  structures  of  any  span,  but  for  four-track  bridges  and  heavy 
highway  bridges  carrying  wide  city  streets  they  are  not  suitable;  while 
I\Ir.  Cartlidge  would  use  centre-bearing  swings  for  short,  light  spans,  and 
either  rim-bearing  or  combined  rim-and-centre  bearing  swings  for  long, 
heavy  ones. 

Mr.  Cartlidge's  explanation  of  how  he  divides  the  dead  load  between 
rim  and  centre  shows  how  uncertain  must  be  the  true  distribution.  l\v- 
f erring  to  one  of  his  bridges  he  says:  "The  beams  bearing  on  the  centre 
casting  are  designed  to  carry  half  the  dead  load  to  the  casting.  The  ad- 
justment of  the  load  is  by  means  of  shim  plates  between  the  beams  and 
the  top  of  the  pivot.  The  adjustment  is  made  during  erection,  the  beams 
first  being  allowed  to  rest  on  the  rollers  with  the  centre  casting  clear. 
The  centre  is  then  jacked  up  until  the  drum  just  clears  the  wheels.  After 
noting  the  amount  of  the  lift,  shims  to  half  its  amount  are  put  in  and  the 
beams  lowered  to  permanent  bearing.  This  is,  of  course,  only  an  ap- 
proximate method."  It  certainly  is  only  approximate;  and  when  the 
adjusting  is  finished,  the  ratios  of  load  division  will  be  somewhat  uncer- 
tain, but  nothing  like  as  much  so  as  later  after  the  pivot-bearing  has 
begun  to  wear,  for  the  more  it  wears  the  greater  will  be  the  share  of  the 
load  carried  by  the  rim.  The  author  certainly  prefers  either  the  centre- 
bearing  or  the  rim-bearing  swing  to  the  hybrid  design.  As  before  stated, 
his  practice  has  been  mainly  (and  especially  in  the  early  portion  of  his 
professional  career)  confined  to  rim-bearing  swings,  nevertheless  he  has 
become  convinced  that  centre-bearing  ones,  everything  considered,  are 
the  best;  for  he  has  had  troubles  of  his  own  with  rollers  getting  out  of 
adjustment.  Mr.  Cartlidge  says:  "One  great  advantage  which  accrues  to 
a  centre  bearing  is  that  of  ease  of  turning;  and  while  everything  is  new 
and  in  adjustment  this  advantage  is  realized.  Should  there  be  any  ex- 
cessive wear,  however,  this  is  soon  lost,  and  it  is  necessary  to  make  bearing 
areas  as  large  as  practicable,  in  order  to  prevent  such  wear. 

"The  complications  involved  by  the  use  of  a  rim-bearing  centre  are 
more  theoretical  than  actual,  as  experience  with  spans  of  widely  varying 
length  has  demonstrated." 

It  is  quite  evident  that  both  rini-bearing  and  centre-bearing  swings 
have  given  considerable  trouble  in  operation  in  times  past;  but  the  au- 
thor is  of  the  opinion  that  those  of  either  tj^e,  designed  and  built  today 
in  strict  accordance  with  specifications  that  are  based  upon  the  accumu- 
lated knowledge  concerning  the  weak  points  of  old  structures  of  the  said 
type  and  how  to  avoid  them  in  the  future,  would  give  equally  satisfactory 
service — but,  as  before  indicated,  this  conclusion  does  not  apply  to  the 
hybrid  type. 

The  weak  points  in  the  rim-bearing  swings  were  too  shallow  and  in- 
adequately stiffened  drums;   adjustable  radial  spider  rods  held  to  spacing 
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by  light  bars  or  light  channels;  centre  castings  insufficiently  anchored  to 
the  masonry;  track  segments  too  thin  or  of  cast  iron,  or  both;  inade- 
quate connections  of  track  segments  to  drum  or  masonry  or  to  each  other; 
faulty  contact  between  track  segments  and  drum;  spider  rods  of  too 
small  diameter;  unscientific  connections  of  brackets  to  drum;  and  im- 
properly designed  operating  machinery. 

The  weak  points  in  the  pivot-bearing  swings  were  centre  bearings  of 
cone-shaped  rollers  or  balls,  failure  to  provide  proper  sliding  surfaces,  and 
excessive  bearing  pressures. 

The  necessity  for  deep  drums  has  already  been  dwelt  upon,  shallow 
ones  never  having  been  a  weakness  of  the  author's.  Schneider  states 
that  the  depth  of  the  drum  should  be  not  much  less  than  one-half,  in 
no  case  less  than  four-tenths,  of  the  distance  between  the  centres  of  sup- 
port. There  should  be  eight  supports  for  single-track  and  twelve  for 
double-track  swings.  The  trouble  that  came  from  adjustable  spider  rods 
does  not  exist  in  modern  rim-bearing  swings;  for  the  detailing  has  been 
fundamentally  changed  by  using  a  stiff  ring  of  two  channels  held  to  gauge 
by  batten  plates  passing  between  the  wheels,  with  rigid  radial  arms  riveted 
to  it  and  to  the  pivot  ring.  The  wheels  run  on  short  axles,  adjustable 
radially,  and  have  tool  steel  or  bronze  washers  to  prevent  their  being 
turned  by  friction  and,  consequently,  put  out  of  adjustment.  Centre 
castings  are  now  being  made  more  substantial  than  they  were  formerly, 
and  are  being  buried  for  most  of  their  length  in  the  concrete  that  forms 
the  top  of  the  pivot  pier.  Track  segments,  too,  are  being  made  thicker 
and  are  much  better  connected  to  each  other  and  to  the  metalwork  and 
the  pier  than  they  used  to  be  years  ago,  consequently  there  is  now  more 
perfect  contact  between  rollers  and  drum.  One  of  the  greatest  improve- 
ments, though,  consists  in  providing  adequately  and  scientifically  de- 
signed operating  machinery  and  connecting  it  firmly  and  rigidly  to  the 
structural  metalwork.  In  centre-bearing  swings  the  cone-shaped  rollers 
and  the  ball-bearings  have  been  abandoned,  and  bearing  disks  of  ample 
size  and  satisfactory  material  are  being  employed. 

There  is  a  feature  of  construction  of  old  type  drums  that  is  deserving 
of  passing  notice  on  account  of  its  glaring  inefficiency  and  crudeness  of 
manufacture,  viz.,  the  insertion  of  a  so-called  "rust  joint,"  composed  of 
iron  turnings  or  filings  and  acid,  between  the  flange  of  the  drum  and  the 
upper  track  segments.  It  used  to  be  made  from  a  quarter  to  a  half  inch 
in  thickness,  and  it  invariably  sooner  or  later  was  squeezed  out  when  the 
intensity  of  pressure  upon  it  was  large.  The  manufacturers  who  employed 
it  did  so  because  they  claimed  that  it  was  impossible  tq  produce  a  close 
bearing  in  any  other  manner.  Fortunately,  the  detail  is  now  a  thing  of 
the  past. 

Truss  swing  spans  are  almost  invariably  of  the  through  type,  primarily 
because  the  deck  is  usually  kept  as  close  to  the  high  water  elevation  as  it 
is  safe  to  go,  and  secondarily  because  even  when  the  fixed  spans  of  the 
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bridge  are  deck,  it  pays  to  make  the  swing  span  through  so  as  to  let  small 
craft  pass  beneath  without  the  necessity  for  opening  tlie  draw  to  let  them 
go  by.  A  good  example  of  this  is  the  author's  railway  bridge  over  the 
Maumee  River  near  Toledo,  Ohio.  It  is  so  high  above  the  ordinary 
stage  of  water  that  most  of  the  passing  craft  go  beneath  it,  thus  saving 
the  constant  breaking  of  the  railroad  track  which  would  have  been 
necessitated  had  the  swing  span  been  made  deck. 

In  respect  to  the  power  required  to  operate  rim-bearing  draw-spans, 
the  author  for  many  years  has  used  an  average  of  the  Boiler  formulae,  viz., 

0.0125  Wv 


H.  P.= 


550 


where  W  =  total  load  on  rollers  in  pounds,  and  v  =  velocity  on  pitch 
circle  of  rack  in  feet  per  second;  but  in  the  specifications  of  Chapter 
LXX\'III  (Clause  87)  there  is  given  a  more  detailed  method  for  making 
the  computation. 

The  author  obtained  a  fine  ciieck  on  the  correctness  of  the  Boiler 
formula  when  testing  the  draw-span  of  his  Jefferson  City  highway  bridge. 
This  span  of  440  feet  weighs  660,000  pounds,  and  was  opened  by  four  men 
in  four  minutes  and  fifty  seconds.  The  power  applied  by  the  men  was 
measured  by  dynamometers,  and  from  the  length  of  their  path  and  from 
their  pull  the  horse-power  was  computed.  It  proved  to  be  just  a  little 
less  than  unity;  so  near,  in  fact,  that  it  was  called  unity.  The  velocity  v 
was,  on  the  average,  0.066  feet  per  second.  Substituting  in  the  formula 
gives 

H.P.  =  0.0125  X  660,000  X  0.066  ^  550  =  0.99. 

It  is  possible  that,  if  the  experiments  were  to  be  made  again,  a  greater 
divergence  from  the  formula  would  be  found,  for  the  reason  that  the 
bridge  is  liable  to  work  more  easily  after  it  has  been  operated  a  while. 

Concerning  the  methods  of  computing  live  load  stresses  in  swing-spans, 
the  author,  in  1897,  wrote  thus  in  De  Pontibus: 

"Candidly,  the  author  has  very  little  faith  in  even  the  approximate  correctness 
of  the  ordinary  methods  of  computing  live-load  stresses  in  draw-spans;  nor  has  he 
much  more  in  the  superrefined  methods  involving  the  principle  of  least  work,  or 
stretching  of  the  different  truss  members,  or  the  principle  of  the  Three  Moments  with 
varj'ing  moments  of  inertia.  In  his  opinion,  there  is  but  one  satisfactory  method  of 
ascertaining  the  reactions  for  both  balanced  and  unbalanced  loads,  viz.,  by  making 
large  models  of  a  number  of  spans  of  various  lengths,  and  weighing  therewith  the  re- 
actions for  all  kinds  of  loading.  From  a  series  of  experiments  of  this  kind  there  could 
be  prepared  a  diagram  or  diagrams,  similar  to  that  shown  on  Plate  IX,  which  would  give 
approximately  correct  reactions  for  all  spans  and  all  loadings.  Such  an  investigation 
would  require  considerable  time  and  money;  but  if  some  professor  of  civil  engineering 
would  undertake  to  make  the  experiments,  he  could  undoubtedly  get  the  models  built 
free  of  charge  by  dividing  up  the  work  among  several  of  the  leading  bridge  manu- 
facturing companies.  The  results  of  such  experiments  would  be  of  great  value  to 
both  the  engineering  profession  and  the  railroads  of  America." 
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Later  the  author  persuaded  his  friend,  Prof.  Malverd  A.  Howe,  the 
well-known  engineering  writer,  to  make  the  suggested  series  of  experi- 
ments on  end  reactions  from  balanced  live  loads  upon  a  rather-large- 
scale  wooden  model  of  a  swing  span  having  four  points  of  support.  Prof. 
Howe  reported  that  all  his  experiments  gave  a  phenomenally  close  agree- 
ment Avith  the  reactions  as  computed  by  formula  and  as  indicated  on 
the  diagram  just  mentioned,   which  gives  the  proportions  of   end  re- 
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Fig.  29a.     Reactions  for  Balanced  Loads  on  Rim-bearing  Draw-spans. 


actions  for  balanced  live  loads  when  the  swing  has  four  points  of  sup- 
port. It  is  reproduced  in  Fig.  29a.  That  diagram  was  prepared  in  the 
late  eighties  by  the  author,  in  opposition  to  the  advice  of  his  then-asso- 
ciated engineers,  who  claimed  that  it  would  not  be  accurate  enough  for 
all  cases,  as  it  was  based  upon  average  relations  of  span  and  mid-panel 
lengths;  but  after  they  had  tried  it  for  use  in  computing  swing-span 
stresses,  they  reported  that  it  gave  so  close  an  agreement  to  the  results 
of  the  formula  that  they  were  perfectly  satisfied.      Fig.  296  gives  the 
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j^roportions  of  reaction  for  single  loads  in  swing  spans  having  only 
tlnec  points  of  support.  The  employment  of  these  two  diagrams  will 
save  the  computer  much  labor  in  figuring  live  load  stresses  in  rotating 
draws. 

In  determining  the  dead  load  stresses  in  swing  spans,  it  is  customary 
to  assume  that  the  draw  is  open;  but  the  author  also  assumes,  as  pre- 
viously mentioned  in  Chapter  V,  that  there  is  an  upward  reaction  from 
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Fig.  296.     Reactions  for  Centre-bearing  Draw-spans. 
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the  lifting  machinery  at  the  ends,  and  finds  the  stresses  therefrom;  then, 
when  any  such  stress  tends  to  increase  the  section  of  any  member,  it  is 
considered;  but  when  it  tends  to  decrease  the  section,  it  is  ignored.  This 
method  may  involve  some  errors  on  the  side  of  safety,  but  they  are  of 
minor  importance. 

The  designing  of  a  drum  for  a  turntable  is  a  matter  requiring  much 
care.  The  load  coming  upon  it  should  be  distributed  as  much  as  possible, 
and  all  concentrated  loads  should  be  taken  care  of  by  a  sufficient  number 
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of  stiffeners  of  ample  size  and  thoroughly  attached.  The  girders  over  the 
drum  should  have  not  only  ample  strength  and  stiffening  but  also  the 
proper  comparative  rigidities.  The  greater  the  number  of  points  of  sup- 
port, the  more  evenly  will  the  load  be  distributed  to  the  drum  and  rollers; 
and  the  deeper  the  drum,  the  better  the  distribution.  As  an  extra  foot  of 
depth  of  drum  costs  much  less  than  one  foot  of  height  of  pivot  pier  it 
stands  to  reason  that  it  is  better,  whenever  practicable,  to  make  the  drum 
much  deeper  than  the  calculations  for  strength  and  stiffness  demand. 
The  only  good  reason  for  not  adopting  in  every  case  an  excessive  depth 
is  that  so  doing  might  place  the  rollers  below  the  level  of  high  water, 
and  thus  render  the  structure  liable  to  injury  from  drift,  and  the  machin- 
ery to  being  blocked  by  an  accumulation  of  mud  under  and  between  the 
wheels. 

When  the  vertical  distance  between  high  water  and  the  lowest  part 
of  the  bottom  chords  is  small,  the  longitudinal  and  cross  girders  can  be 
placed  with  their  bottom  flanges  flush  with  the  lower  surface  of  the  said 
bottom  chords,  and  the  drum  can  be  built  inside  of  the  box  thus  formed, 
so  that  its  lower  flange  angles  will  be  flush  with  the  bottoms  of  the  said 
girders.  But  if  the  vertical  clearance  be  great  enough  to  permit  it,  the 
box  should  rest  on  the  drum  at  either  four  or,  preferably,  eight  points. 

Many  designers  rest  the  tower  posts  directly  over  the  drum,  thus 
making  the  diameter  of  the  latter  about  forty  per  cent  greater  than  the 
side  of  the  square  upon  which  are  located  the  axes  of  the  tower  columns. 
Other  designers  let  the  sides  of  the  square  intersect  the  circle  of  the  drum 
so  as  to  divide  the  latter  into  eight  equal  parts,  thus  making  the  diameter 
of  the  drum  about  eight  per  cent  greater  than  the  side  of  the  square.  The 
author's  practice  for  more  than  two  decades  has  been  to  let  the  diameter 
of  the  drum  equal  the  side  of  the  square,  obtaining  eight  points  of  support 
by  inserting  four  small  girders  in  the  corners  of  the  square,  at  angles  of 
forty-five  degrees  with  its  sides.  As  the  cost  of  a  pier  varies  very  nearly 
as  the  square  of  its  diameter,  it  follows  that  this  method  of  designing  drums 
for  rim-bearing  swings  effects  a  great  saving  in  the  cost  of  the  pier  as  well 
as  in  that  of  the  drum.  Occasionally  it  wall  give  a  pier  of  very  small 
diameter  in  comparison  with  the  length  of  the  draw-span.  The  remedy  for 
this,  provided  the  pier  have  the  requisite  stability  against  overturning, 
is  not  to  increase  the  pier  diameter  but  to  anchor  the  draw-span  to  the 
pier  in  such  a  manner  as  not  to  interfere  with  the  turning,  but  so  as  to 
offer  an  effective  resistance  to  any  tendency  to  lift  the  span  off  its  sup- 
port. In  the  case  of  the  Jefferson  City  highway  bridge,  the  length  of 
the  draw-span  is  four  hundred  and  forty  feet,  while  the  diameter  of  the 
dnmi  is  twenty-two  feet — the  same  as  the  perpendicular  distance  between 
central  planes  of  trusses.  Such  a  ratio  of  span  length  to  drum  diameter 
is  too  great  for  safety  in  case  of  a  strong  lifting  wind  acting  on  one  arm 
only,  for  such  an  uplift  would  have  to  amount  to  only  twelve  and  a  half 
pounds  per  square  foot  of  floor  in  order  to  throw  the  span  off  the  pier. 
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It  was,  therefore,  necessary  to  anclior  the  span  to  the  pier  by  means  of 
a  long;  four-iucli  bolt  passing  tlirougii  a  wide  heavy  casting  which  is  em- 
bedded in  the  concrete,  and  projecting  at  the  upper  end  between  two 
beams  and  through  a  saddle  and  a  heavy  washer-jilate.  The  nut  on  the 
anchor-bolt  is  turned  down  so  as  nearly  but  not  quite  to  touch  the  said 
Masher-plate,  thus  causing  no  obstruction  to  turning  the  draw,  but  mak- 
ing the  anchorage  always  ready  to  resist  the  slightest  tendency  to  lift 
the  span. 

The  limiting  ratio  of  length  of  span  to  diameter  of  drum  that  can  be 
employed  without  using  a  central  anchorage  cannot  well  be  determined 
by  rule,  but  must  always  be  left  to  the  judgment  of  the  designer.  It 
might  suffice,  perhaps,  to  specify  that,  whenever  the  uplift  on  one  arm 
only  necessary  to  upset  the  draw  is  less  than  fifteen  pounds  per  square 
foot  of  floor  in  situations  exposed  to  high  wind-pressure,  or  less  than 
ten  pounds  in  other  situations,  an  anchorage  shall  be  adopted.  In  the 
case  of  three  of  the  author's  swing  bridges  on  the  Kansas  City  Southern 
Railway,  the  span  length  is  two  hundred  and  twenty-five  feet,  and  the 
diameter  of  the  drum  is  only  seventeen  feet;  nevertheless  no  central  an- 
chorage was  used.  In  these  bridges  the  open  floor  reduces  the  uplift, 
and  the  situations  are  not  such  that  the  spans  will  be  exposed  to  abnormally 
high  wind-pressures. 

Heavy  draw-spans  should  be  operated  by  two  or  more  pinions;  and 
when  these  are  placed,  as  they  should  be,  diametrically  opposite  each  other, 
some  kind  of  apparatus  ought  to  be  used  to  equalize  the  pressure  on  the 
pinions,  otherwise  both  the  latter  and  the  rack  are  liable  to  have  their 
teeth  broken.  The  reason  for  this  is  that  it  is  impossible  to  make  the 
toothing  of  the  rack  so  perfect  in  the  distance  of  the  semi-circumference 
that  opposite  pinions  operated  by  a  single  shaft  shall  at  all  times  act  equally. 
When  electrical  machinery  is  used,  the  equalizing  can  be  done  by  adopting 
independent  motors;  but  with  other  machinery,  some  kind  of  mechanical 
equalizer  should  be  employed.  The  author  many  years  ago  designed  one 
for  the  first-built  swing-span  of  the  East  Omaha  Bridge,  which  worked 
to  perfection.  It  was  made  by  cutting  the  engine-shaft  and  attaching 
to  each  end  a  bevel-gear  wheel.  These  bevel-gear  wheels  engage  with 
two  small  pinions  which  are  inserted  between  the  spokes  of  a  large  spur- 
wheel  that  turns  loosely  on  the  engine-shaft.  If  we  assume  the  pressures 
on  the  main  rack-pinions  on  each  side  of  the  drum  to  be  constantly  equal 
to  each  other,  the  two  halves  of  the  engine-shaft  will  always  have  the 
same  angular  velocity;  but  in  case  the  pressure  on  the  teeth  of  the  two 
rack-pinions  on  one  side  of  the  drum  should  fall  below  that  on  those 
of  the  two  rack-pinions  on  the  other  side,  the  spur-wheel  will  move  slightly 
on  the  shaft  imtil  the  rack-pinions  receive  equal  pressure  again.  By  this 
apparatus  equal  pressure  on  the  teeth  of  rack  and  pinions  is  at  all  times 
insured.  The  author  was  convinced  of  the  necessity  for  such  a  device 
by  watching  it  when  the  span  was  being  turned;  for  several  times  during 
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each  quarter  rotation  the  Httle  pinions  on  the  spur-wheel  would  make  a 
sudden  movement  of  such  magnitude  as  to  indicate  a  considerable  varia- 
tion in  the  spacing  of  the  rack-teeth. 

In  designing  draw-spans  with  high  towers,  especially  long,  double- 
track  ones,  there  is  an  important  matter  that  is  sometimes  overlooked, 
viz.,  the  tendency  of  the  end  of  the  unloaded  arm  to  rise  when  a  moving 
load  is  on  the  other  arm.  For  single-track  bridges  the  only  harm  that 
this  would  do  would  be  to  pound  the  end  bearings;  but  for  a  double-track 
bridge  it  would  certainly  some  time  cause  a  serious  disaster  by  the  derail- 
ment of  an  oncoming  train  when  the  other  track  on  the  other  arm  is 
covered  by  another  train.  Before  designing  the  520-ft.  draw-span  for 
the  East  Omaha  Bridge  (see  Fig.  52/c),  the  author  looked  up  this  matter 
as  well  as  he  could,  having  heard  of  trouble  being  experienced  from  rising 
ends  on  a  double-track  draw-span  but  little  shorter  than  the  one  then 
contemplated.  The  results  of  the  investigation  were  rather  contradictory, 
consequently  the  design  was  made  with  three  features  that  were  conducive 
to  resisting  the  raising  of  the  ends,  viz.,  extra-deep  trusses  at  both  inner  and 
outer  hips;  stiff,  continuously  riveted  top  chords  between  these  points; 
and  an  end-lifting  apparatus  capable  of  raising  the  ends  one  and  a  half 
inches.  This  was  the  best  at  that  time  which  the  author  could  do  to 
avoid  the  difficulty;  but  at  the  same  time  he  figured  upon  using  later 
a  holding-down  apparatus  in  case  the  necessity  therefor  should  ever  arise. 
This  span  has  at  present  only  a  single  track  at  the  middle,  and  the  high- 
way cantilevered  floors  are  not  yet  put  on.  Observation  has  proved  that, 
with  one  arm  loaded  by  a  train  and  the  other  arm  empty,  there  was  no 
rising  of  the  ends  when  the  latter  were  properly  supported.  Some  years 
after  the  completion  of  the  bridge  as  first  built,  an  inspection  showed  that 
the  timber  cribs,  which  were  then  used  as  a  temporary  support  for  the 
swing  span,  had  so  shrunk  vertically,  on  account  of  the  seasoning  of  the 
wood,  that  the  end  rollers  barely  touched  their  bearings,  necessitating 
some  shimming  thereunder.  This  condition  of  the  ends  afforded  an  ex- 
cellent opportunity  to  note  the  rise  with  one  arm  only  loaded  by  an  en- 
gine and  enough  cars  to  cover  the  said  arm.  The  amount  observed  was 
three-eighths  of  an  inch.  From  this  it  may  be  concluded  that  with  ma- 
sonry piers  and  the  completed  superstructure,  and  with  a  hoist  of  one 
and  a  half  inches  by  the  lifting  gear,  there  is  no  chance  for  the  ends  to  rise 
from  their  bearings;  for,  to  cause  such  a  rise,  it  would  take  a  live  load 
just  four  times  as  large  as  the  test  load,  which  is  more  than  could  be 
placed  on  the  double-track  railway,  wagonways,  and  footwalks.  Had 
the  bridge  been  built  with  shallow  trusses  and  with  eye-bars  in  a  portion 
of  the  top  chords  between  outer  and  inner  hips,  as  was  the  similar  bridge 
which  was  reported  as  giving  trouble  from  rising  ends,  it  is  probable  that 
similar  difficulty  would  have  been  found  in  this  structure. 

Some  engineers  may  think  that,  because  each  span  of  a  draw  is  fig- 
ured as  an  independent  span  for  unbalanced  live  loads,  on  the  assump- 
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tion  that  the  longitudinal  tower  rods  are  so  small  as  to  carry  no  vertical 
shear  past  the  drum,  there  should  be  no  tendency  for  the  end  of  one  arm 
to  rise  when  the  other  arm  is  loaded;  but  such  is  not  the  case,  as  the 
tendency  would  exist  if  there  were  no  longitudinal  tower  rods  at  all.  The 
rising,  for  instance,  of  the  right-hand  end,  induced  by  a  live  load  on  the 
ioft-huntl  arm,  is  evidently  due  to  the  fact  that  the  inner  hip  of  the  left- 
hand  arm  moves  to  the  left  and  doAvnward  a  small  amount.  This  move- 
ment causes  the  inner  hip  of  the  right-hand  arm  to  move  to  the  left  and 
upward  a  similar  amount,  and,  as  a  result,  the  end  of  the  right-hand  arm 
tends  to  lift. 

In  erecting  draw  spans,  some  method  of  adjustment  must  be  provided 
so  as  to  bring  the  ends  to  the  correct  elevation.  This  is  accomplished 
by  placing  a  group  of  thin  plates  under  each  bearing  on  the  rest-piers. 
Two  decades  ago  the  metal  manufacturers  deemed  it  to  be  absolutely 
necessary  in  spans  of  more  than  200  or  250  feet  to  provide  also  an  ad- 
justment for  each  bottom  chord  of  each  arm  near  the  drum  by  inserting 
vertical  transverse  plates  at  the  splice  of  the  chord  to  the  longitudinal 
girder  over  the  drum.  The  sole  reason  for  this  detail  was  the  crude 
shopwork  of  those  days;  but  some  twelve  years  or  more  ago  when  de- 
signing the  second  swing  span  of  the  East  Omaha  Bridge  (then  the  longest 
draw  span  in  the  world,  and  exceeded  today  by  only  one  span  of  a  lighter 
structure  that  is  one  foot  longer),  the  author,  deeming  that  the  shop 
work  of  the  American  Bridge  Company  had  improved  sufficiently  to 
warrant  the  change,  omitted  the  chord  adjusting  plates  and  relied  en- 
tirely upon  those  under  the  bearings  on  the  rest-piers.  This  required 
very  careful  calculations  for  deflection,  because  any  material  error  might 
have  put  a  break  in  the  grade  over  the  rest  pier  too  great  to  work  out  by 
dapping  the  track  ties.  Fortunately,  the  experiment  was  a  success,  and 
ever  since  that  time  the  author  has  followed  in  his  practice  the  precedent 
thus  established. 

In  all  swing  spans  there  must  be  some  kind  of  arrangement  for  lifting 
the  ends  when  closed.  Numerous  mechanical  contrivances  have  been 
employed  for  this  purpose,  including  rollers,  wedges,  screws,  eccentrics, 
cams,  h3'draulic  rams,  and  toggle  joints.  The  requirements  for  a  satis- 
factory lifting  apparatus  are  as  follows : 

First:  It  should  provide  sufficient  power  to  raise  the  ends  to  the  required  height 
'.vithin  a  reasonable  time. 

Second:  The  energy  lost  through  friction  should  be  a  minimum. 

Thi'd:  The  resistance  to  the  mechanical  effort  should  be  fairly  uniform. 

Fourth:  The  bearing  afforded  finally  after  the  ends  are  raised  should  be  solid  and 
substantial,  similar  to  the  pedestals  in  a  fLxed  span. 

Fifth:  "\Mien  the  span  is  closed  it  should  be  free  to  move  longitudinally  under 
changes  of  temperature. 

The  most  common  details  for  lifting  the  ends  are  the  transverse  roller, 
the  longitudinal  ro  Jer,  and  the  wedge.     The  first  mentioned  was  the  one 
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in  general  use  until  about  twenty-five  years  ago,  then  the  third  gradually 
replaced  it.  The  second  mentioned  device  is  not  at  all  common,  but  has 
been  employed  for  a  number  of  years.  Its  advantage  over  the  first  type 
is  that  the  actuating  toggles  are  more  conveniently  placed,  lying  close 
to  the  bottom  chords  instead  of  beneath  the  end  floor-beams.  The  wedge 
requires  more  power  to  operate  than  the  roller  but  affords  a  somewhat 
better  bearing.  Bevels  for  wedges  vary  from  one  in  ten  to  one  in  five, 
Schneider  preferring  the  steeper  pitch.  The  mechanism  for  moving  the 
wedges  should  be  designed  so  as  to  make  the  resistance  to  motion  nearly 
uniform  during  all  stages  of  the  lifting,  and  so  as  to  lock  them  in  order 
to  prevent  their  sliding  backward.  In  small  centre-bearing  swings,  es- 
pecially in  highway  structures,  it  will  suffice  to  have  the  lifting  apparatus 
at  one  end  only,  thus  producing  a  slight  tipping  of  the  span;  but  it  is 
evident  that  such  an  arrangement  would  not  suffice  for  a  long  span, 
because  it  would  produce  an  unequal  distribution  of  load  on  the  rollers. 

In  the  old  forms  of  end  lifts  the  nut  traveling  on  the  horizontal  screw 
was  of  steel  without  bushing,  and  at  times  of  heavy  duty,  especially 
when  the  weather  was  warm  and  the  span  deflected  abnormally  in  conse- 
quence, this  nut  sometimes  became  welded  to  the  screw;  but  bushing  with 
phosphor-bronze  has  been  found  to  stop  this  trouble  entirely.  In  all 
swing-spans  exceeding  two  hundred  and  fifty  feet  (or  better  still,  two 
hundred  feet)  in  total  length  there  should  be  a  nest  of  longitudinal  rollers 
over  each  bearing  on  the  rest  piers  so  as  to  permit  of  the  unimpeded 
expansion  and  contraction  of  the  span.  The  roller  nests,  preferably, 
should  be  attached  to  the  moving  span  instead  of  lying  permanently  on 
the  piers. 

In  centre-bearing  swings  there  are  two  methods  of  carrying  the  weight 
to  the  pivot,  viz.,  by  suspension  and  by  superposition,  the  former  being 
preferable.  Its  advantages  are  that  it  brings  the  point  of  support  nearer 
to  the  centre  of  gravity  of  the  bridge,  that  the  disks  can  easily  be  removed, 
examined,  or  replaced  without  interfering  with  traffic,  and  that  it  pro- 
vides an  easy  method  of  adjusting  the  height  of  the  span.  It  is  best  to 
use  phosphor-bronze  disks  between  two  hardened-steel  disks;  for  the  sur- 
faces of  the  latter  in  contact  with  the  phosphor-bronze  cannot  wear  out, 
consequently  the  wearing  is  confined  to  the  alloy  disk,  making  it  the  only 
part  outside  of  the  operating  machinery  which  will  ever  require  replacement. 

All  railroad  swing-spans  must  be  provided  with  some  kind  of  device 
for  lifting  the  rails,  in  order  to  permit  them  to  swing  clear  of  the  approaches 
when  the  span  is  rotated.  That  designed  by  the  late  Geo.  S.  Morison, 
Past  President  of  the  American  Society  of  Civil  Engineers,  has  been  used 
very  generally. 

As  indicated  in  the  preceding  chapter,  just  beyond  each  end  of  every 
swing-span  (or  of  any  other  movable  span)  for  highway  traffic  there  should 
be  provided  a  substantial  and  quickly  operated  gate  or  portcullis  for  the 
prevention  of  accidents  due  to  animals  or  vehicles  rmming  off  the  open 
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end  of  the  approach.  Faihire  to  supply  such  a  device  has  already  been 
the  cause  of  the  loss  of  many  lives  and  much  valuable  property. 

The  tops  of  all  pivot  piers  should  be  so  designed  as  to  drain  thoroughly 
by  i>it('hing  the  upper  surface  from  the  centre  toward  the  periphery,  and 
by  pro\'iding  an  adequate  number  of  weeping  pipes  that  pass  below  the 
lower-track  segments. 

In  designing  all  parts  of  the  turntable,  the  operating  machinery,  and 
the  girders  over  the  drum,  great  care  is  necessary  to  ensure  that  every 
piece  and  every  cormection  are  made  sufficiently  strong  and  stiff;  for 
there  are  involved  certain  bending  moments,  torsions,  and  secondary 
stresses  that  used  often  to  be  overlooked,  the  result  being  loosened  con- 
nections, broken  rivets  or  bolts,  and  machinery  out  of  order.  The  truly 
scientific  designer  nowadays  will  give  due  consideration  to  all  these  un- 
usual conditions  and  will  meet  them  by  using  ample  sections  for  all 
parts  and  a  liberal  supply  of  rivets  in  the  connections.  The  attachment 
of  gear-brackets  to  the  drum  used  to  be  the  detail  that  gave  most  trouble, 
because  of  the  great  bending  moment  induced  by  the  turning  of  the  down- 
shaft  when  the  span  was  operated  against  a  strong,  unbalanced  wind 
pressure. 

x\.ll  man-power  machinery  should  be  made  very  strong,  because  if 
anjiihing  prevents  the  apparatus  from  operating  properly,  the  men  are 
likely  to  crowd  upon  the  levers  wherever  they  can  find  room  and  surge 
thereon  to  their  utmost  capacity.  Once  when  operating  by  hand  the 
first-built  swing-span  of  the  East  Omaha  Bridge,  using  two  sets  of  six 
or  seven  men  on  each  of  the  two  four-armed  levers,  it  failed  to  move. 
Immediately  upon  finding  the  unexpected  resistance,  they  all  stepped 
back  a  few  feet  and  threw  themselves  with  full  force  upon  the  levers, 
the  result  being  the  same  as  before.  The  author  stopped  this  instantly, 
and  upon  investigating  found  that  the  two  sets  of  men  were  working 
against  each  other.  By  starting  one  set  in  the  opposite  direction  the 
span  was  readily  put  in  motion.  This  example  is  given  to  show  how 
ignorant  workmen  will  abuse  machinery,  and  the  consequent  necessity 
for  making  all  man-power  apparatus  extra  strong,  notwithstanding  any 
opposition  that  may  be  offered  thereto  by  bridge  manufacturers  or  other 
interested  parties.  If  the  specifications  given  in  Chapter  LXXVIII  be 
strictly  adhered  to,  and  if  due  consideration  be  given  to  all  the  existing 
conditions  when  designing  operating  machinery,  ample  strength,  rigidity, 
and  endurance  will  be  attained  without  any  great  unnecessary  expenditure 
of  metal  or  shop  work. 

As  a  drawbridge  is  a  piece  of  machinery,  it  will  require  a  certain  amount 
of  care,  for  otherwise  it  ^\^ll  get  out  of  order  and  give  trouble  just  at  the 
wrong  time.  It  should  be  opened  at  least  once  a  month,  and  all  parts 
which  move  on  other  parts,  especially  the  wheels  and  tracks,  should 
be  kept  clean  and  well  lubricated.  The  lower  rolling  surface  for  the 
wheels  should  be  kept  free  from  all  obstructions,  and  the  wheels  should 
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be  maintained  in  proper  adjustment.  The  operating  machinery  also 
should  receive  due  care  and  attention.  In  respect  to  those  details  of 
design  of  swing  spans  which  affect  materially  the  question  of  mainten- 
ance, Mr.  Cartlidge  has  expressed  his  opinion  in  his  before-mentioned 
paper,  and  as  the  author  concurs  in  it  without  exception,  it  is  herewith 
reproduced  as  follows: 

"It  may  be  laid  down  as  a  general  rule  that  there  should  be  absolutely  no  adjustable 
members  in  the  trusses.  All  parts  subject  to  complete  reversal  of  stress  should  be  stiff 
members  and  have,  as  far  as  possible,  riveted  connections.  No  pin-connections  should 
be  employed  save  for  eye-bar  members.  This  is  particularly  true  of  the  connection 
between  the  end  of  the  lower  chord  and  the  foot  of  the  end  post.  The  constant  reversal 
of  stress  at  this  point,  due  to  Ufting  and  lowering  the  ends  of  the  draw,  very  soon  develops 
serious  wear  on  the  pins  and  pin-holes.  With  a  properly  designed  riveted  connection, 
no  play  being  possible,  there  wUl  be  no  difficulty. 

"In  draw-span  design,  perhaps  to  a  greater  degree  than  in  any  other,  simplicity  antl 
rigidity  are  the  prime  requisites  to  economical  operation  and  maintenance." 

In  making  preliminary  estimates  for  the  cost  of  bridges  on  a  railroad 
the  question  sometimes  arises  as  to  how  the  total  weight  of  metal  in  a  swing 
span,  including  that  of  the  operating  machinery,  compares  with  that  in 
a  simple  span  of  the  same  total  length.  This  question  cannot  be  an- 
swered with  accuracy,  mainly  on  account  of  the  personal  equation  of  the 
designer;  but,  in  general,  it  may  be  stated  that  for  spans  of  one  hundred 
feet  the  weights  are  about  equal,  and  for  spans  of  five  hundred  feet  the 
swing  with  its  machinery  requires  seventy-five  or  eighty  per  cent  of  the 
amount  of  metal  in  the  fixed  span,  as  can  be  seen  by  referring  to  Fig.  55ee. 

But  if  the  question  be  one  of  comparative  costs  of  the  superstructures 
of  swings  and  fixed  spans,  that  is  quite  a  different  matter;  because  the 
machinery  metal  of  the  former  in  place  is  about  two  and  a  half  times  as 
expensive  per  pound  as  the  ordinary  structural  steel,  making  the  average 
pound  price  for  the  erected  metal  of  a  draw  from  one  and  a  half  cents  to 
two  cents  higher  than  that  of  the  corresponding  fixed  span.  Again,  the 
preceding  figures  do  not  allow  for  the  cost  of  electric  motors  or  gasoline 
engines;  hence  it  is  evident  that  the  total  cost  of  a  swing  span  is  always 
greater  than  that  of  a  simple  span  of  the  same  length.  If  the  operation 
is  to  be  done  by  man-power,  the  ratios  of  total  costs  will  vary  from  1.4 
for  spans  of  200  feet  to  1.13  for  spans  of  500  feet.  If  the  cost  of  mechanical 
power  be  included,  these  figures  would  be  about  1.5  and  1.2. 

The  economics  of  swings  as  compared  with  other  kinds  of  movable 
spans  are  treated  in  Chapter  LIII,  and  the  specifications  for  designing 
them  are  given  in  Chapter  LXXVIII. 

In  Chapter  LV  there  are  given  directions  for  finding  the  weights  of 
metal  per  lineal  foot  of  span  for  the  various  portions  of  swing  bridges  and 
for  the  spans  as  a  whole. 

In  Chapter  LXXVIII  there  is  given,  in  the  portion  of  the  specifica- 
tions relating  to  draw-bridges,  much  information  concerning  styles  of 
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bridges  for  various  span  lengths,  heights  of  towers,  depths  of  trusses,  panel 
lengths,  loadings  of  all  kinds,  combinations  of  stresses,  details  of  design 
for  various  styles  of  swings  and  their  turn-tables,  operating  machinery, 
power  determination,  machinery  houses,  etc.;  and  the  reader  who  has  a 
s^^^ng  sixin  to  design  is  advised  to  read  the  same  with  care  before  starting 
his  computations. 


CHAPTER  XXX 


BASCULE   BRIDGES 


The  modern  bascule  span  has  for  its  prototype  the  drawbridge  of  the 
mediaeval  castle.  In  ancient  times  it  served  a  double  purpose — bridging 
the  moat  when  lowered  and  barricading  the  doorway  when  raised.  It  was 
hinged  at  one  end  and  raised  by  hand  power;  and,  consequently,  only 
short  light  spans  could  be  utilized.  Although  these  early  bascules  were 
counterweighted  to  some  extent,  the  simple  arrangement  of  weights  at- 
tached to  chains  running  over  pulleys  and  connected  to  the  free  end  of 
the  span  did  not  provide  a  balanced  system  and,  therefore,  it  was  hard 
to  start  the  bridge  and  hard  to  check  its  motion  when  nearly  raised. 
In  this  regard  these  early  types  did  not  measure  up  to  the  significance 
of  their  name — "bascule"  coming  from  the  French  and  meaning  a  balance. 

Owing  to  the  crude  arrangements  of  counterweights  and  the  lack  of 
ample  and  convenient  power  for  operating,  the  bascule  remained  in  its 
primitive  state  until  comparatively  recent  years.  Most  of  the  early 
types  rotated  about  a  fixed  axis.  Two  exceptions  were  the  40-foot  track 
girder  bridge  built  at  Havre,  France,  before  1824,  and  another,  rotating 
on  a  wheel,  built  at  Bregere.  These  were  the  forerunners  of  the  modern 
rolling  lift  bascule.  An  early  span  of  the  trunnion  tjq^e  which  gave 
practical  service  was  the  railroad  bridge  on  the  line  of  the  North  Eastern 
Railway  at  Selby,  England.  This  bridge  was  built  in  1839,  and  con- 
sisted of  two  fixed  spans  and  two  moving  leaves  which  gave  a  45-foot 
clear  channel  when  opened.  When  closed  the  bascules  formed  an  arch. 
For  operating  them  a  rack  wheel  and  hand  power  gearing  were  employed. 
Another  trunnion  bascule  was  the  Knippel  bridge  built  at  Copenhagen  in 
1867.  Hydraulic  power  was  used  for  operating  this  span,  and  cast  iron 
pockets  were  provided  for  the  counterweights,  which  were  attached  di- 
rectly to  the  short  arm  of  the  rotating  span  and  thus  maintained  a  uni- 
form balance.  In  1878  the  Fijeenord  trunnion  bascule  was  built  at  Rot- 
terdam, Holland.  It  has  a  clear  span  of  75  feet.  Each  leaf  is  in  two 
sections  with  four  trusses  to  a  section.  The  two  outside  trusses  act  as 
arches  when  the  bridge  is  closed,  while  the  two  inner  trusses  carry  coun- 
terweights on  their  short  arms.  The  gearing  can  be  operated  by  gas, 
hydraulic  power,  or  man  power.  Another  trunnion  bascule  is  the  high- 
way bridge  built  at  Koenigsberg  in  1880.  This  bascule  acts  as  a  canti- 
lever when  closed,  anchors  being  provided  at  the  piers  to  take  care  of 
the  uplift  on  the  tail  ends  of  the  leaves. 

The  first  important  bascule  bridge  built  in  the  United  States  is  the 
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Michigan  Avenue  Bridge  at  Buffalo.  This  is  of  the  trunnion  type  with 
cables  attached  near  the  free  end  and  running  diagonally  to  pulleys  at  the 
top  of  the  tower,  over  which  they  pass  to  large,  cast-iron  wheel-counter- 
weights. The  latter  roll  on  a  specially  curved  track  so  constructed  that 
the  component  tension  in  the  cables  decreases  as  the  lever  arm  of  the 
centre  of  gravity  of  the  leaf  diminishes.  Several  bridges  of  this  character 
were  built;  but,  other  types  proving  more  efficient,  their  construction 
was  discontinued. 

The  modem  era  of  bascule  building  may  properly  be  said  to  have 
commenced  with  the  construction  of  the  Tower  Bridge  of  London  in  1894. 
At  the  same  time  the  Scherzer  rolling  lift  bascule  was  completed  for  the 
Metropolitan  Elevated  Railroad  over  the  Chicago  River  near  Van  Buren 
Street.  Since  that  time  the  bascule  bridge  has  developed  rapidly,  and 
many  different  t^T^es,  or  rather  sub-types,  have  been  brought  out.  Where- 
ever  heavj""  bridge  traffic  has  to  be  frequently  interrupted  by  boat  service 
the  swing  bridge  is  no  longer  adequate,  and  the  bascule  bridge  becomes 
one  of  the  alternatives  for  the  engineer  to  consider.  The  advantages  of 
the  bascule  over  the  swing  span  are: 

1.  Wide  centre  channel  free  from  piers  and  pier  protection. 

2.  Increased  space  for  dockage. 

3.  Rapidity  of  opening  to  permit  passage  of  vessels  and  subsequent 
closing  again  for  bridge  traffic. 

For  a  general  discussion  of  the  comparative  advantages  and  disad- 
vantages of  the  bascule  wdth  other  forms  of  movable  bridges  the  reader 
is  referred  to  Chapter  XXVIII. 

Modern  bascules  are  comprised  in  three  classes,  viz.,  the  trunnion 
tjTpe,  the  rolling  lift  type,  and  the  roller  bearing  type.  Any  of  these 
bridges  may  have  either  a  single  leaf  or  two  leaves  meeting  at  the  centre 
of  the  span.  For  railroad  traffic  the  single  leaf  is  preferable,  for  it  can 
be  made  to  act  as  a  simple  span  when  closed;  and  greater  rigidity  is 
thereby  secured. 

In  the  trunnion  type  the  centre  of  rotation  remains  fixed  or  nearly 
so,  and  is  at  or  close  to  the  centre  of  gravity  of  the  rotating  part.  This 
is  a  highly  desirable  feature  where  yielding  foundations  are  unavoidable. 
In  the  rolling  hft  type  the  centre  of  rotation  continually  changes  and  the 
centre  of  gravity  of  the  rotating  part  moves  in  a  horizontal  fine,  thereby 
shifting  the  point  of  application  of  the  load  on  the  pier,  which  is  a  faulty 
feature,  unless  the  pier  be  founded  on  rock.  The  rolling  lift  in  opening 
recedes  from  the  channel,  thereby  leaving  a  greater  clear  waterway  for 
the  same  span  length  than  does  the  trunnion  type.  However,  it  also  en- 
croaches on  the  land  side,  which  is  objectionable  in  congested  quarters. 
In  the  roller  bearing  type  the  centre  of  rotation  remains  fixed  and  coin- 
cides with  the  centre  of  gravity  of  the  moving  mass.  The  trunnion  is 
eliminated  and  the  load  is  carried  by  a  segmental  circular  bearing  on 
rollers  arrang-ed  in  a  circular  track.     In  this  way  the  load  can  be  dis- 
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tributed  over  greater  area,  thereby  reducing  the  unit  bearing  stress;   and 
at  the  same  time  the  frictional  resistance  to  rotation  is  decreased. 

Much  ingenuity  has  been  exercised  in  devising  various  mechanisms 
and  operating  machinery  in  the  attempt  to  overcome  the  several  unsatis- 
factory features  of  the  original  bascules.  This  has  led  to  different  sub- 
types or  varieties.  To  the  rolling  lift  class  belong  the  Scherzer  and  the 
Rail  varieties.  To  the  trunnion  class  belong  the  Strauss,  Brown,  Page, 
Chicago  City,  and  Waddell  &  Harrington  varieties;  and  to  the  roller 
bearing  class  belong  the  Montgomery  Waddell  and  the  Cowing  varieties. 
( In  the  Scherzer  bascule  (see  Fig.  30a) ,  the  leaf,  L,  rotates  on  the  quad- 
rant Q,  which  rolls  along  the  horizontal  track  girders,  T.  The  centre  of 
gravity,  G,  of  the  leaf  is  at  the  centre  of  this  quadrant  and,  therefore, 
moves  in  a  horizontal  line  as  the  bridge  opens.  A  counterweight,  W,  is 
attached  to  the  short  arm  projecting  shoreward,  so  that  the  leaf  is  main- 


FiG.  30a.     Scherzer  Bascule. 


tained  in  balance  at  all  positions;  and,  consequently,  the  operating  ma- 
chinery has  only  to  overcome  inertia  and  the  friction  of  the  moving  parts. 
A  pit,  P,  is  provided  in  the  main  pier  so  that  the  counterweight  can  sink 
into  it  as  the  leaf  opens  and  rolls  backward.  This  pier  is  of  large  size, 
as  it  carries  the  track  girders;  and  it  requires  a  good,  solid  foundation, 
since  the  shifting  of  the  point  of  application  of  the  load  disturbs  the  base 
pressures.  Two  other  smaller  piers  are  required  for  a  single  leaf  structure — 
a  rest  pier  at  the  front  end  and  a  shore  pier  or  abutment  at  the  rear  end 
to  carry  the  approach  span.  In  the  case  of  a  double  leaf  bascule  a  second 
main  pier  will  be  required  and  also  an  abutment.  A  locking  device  at  the 
centre  of  the  span  connecting  the  two  leaves  when  the^  bridge  is  closed- 
renders  unnecessary  a  rest  pier.  (^  The  span  is  operated  by  a  pinion 
working  in  a  rack  pivoted  to  the  upper  part  of  the  quadrant.  )  Fig.  306 
shows  one  of  the  Scherzer  rolling  lift  bridges. 

The  Rail  type,  shown  in  skeleton  form  in  Fig.  30c,  rotates  about  the 
centre  of  gravity,  G,  of  the  leaf  where  a  pivot  or  trunnion  is  provided, 
which  rests  in  a  roller,  R,  carried  by  a  horizontal  track  girder,  T.  When 
the  leaf  is  closed  the  main  girder  or  truss  bears  on  the  pin  A,  which  is 
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fixed  to  the  pier;  and  the  roller,  R,  is  sUghtly  raised  off  the  track  girder, 
so  that  the  load  on  the  bridge  is  carried  directly  by  pin  A  to  the  pier. 
The  swing  strut,  S,  is  connected  at  one  end  to  the  movable  girder  by  pin 
B,  and  at  the  other  end  to  pin  A.     When  the  leaf  rises,  it  first  revolves 


Fig.  'SOU.     Sclierzer  Bascule  Bridge. 

around  pin  A,  until  the  roller  is  in  full  bearing  with  the  track  girder;  then 
as  the  operation  is  continued,  the  roller  moves  horizontally  on  the  track 
girder,  while  pin  B  of  the  main  girder  describes  an  arc  with  A  as  the  centre. 
The  leaf  is  operated  by  the  main  pinion,  P,  engaging  a  rack  fixed  to  the 
strut,  E,  which  is  pivoted  to  the  girder  at  C.    When  the  leaf  is  closed  the 


Fig.  30c.     Rail  Bascule. 


pivoted  roller,  R,  is  free  and  can  be  removed  and  replaced  without  diffi- 
culty. The  centre  of  rotation  is  so  far  above  the  pier  that  no  pit  is  required 
to  receive  the  tail  or  the  counterweight,  W.  The  horizontal  motion 
of  the  pivot  is  sufficient  to  allow  the  tail  to  clear  the  masonry    when 
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the  span  is  raised.  This  retreating  motion  of  the  leaf  permits  of  using 
the  minimimi  span  length  to  obtain  a  given  clear  waterway.  However, 
the  shifting  of  the  centre  of  gravity  disturbs  the  foundation  pressures. 
Fig.  30rf  shows  the  Rail  bascule  erected  at  Peoria,  111.  The  Rail  bascule 
patents  are  now  controlled  by  the  Strobel  Steel  Construction  Company 
of  Chicago. 

(  The  distinctive  feature  of  the  Strauss  trunnion  bascule  is  the  pivoting 
of  the  counterweight  at  the  end  of  the  short  arm.  This  enables  the  said 
counterweight  to  move  parallel  to  itself  at  all  times;  and  it  can,  there- 
fore, be  made  in  such  shape  that  no  pit  is  required  to  receive  it  when  the 
leaf  is  in  an  upright  position.  In  one  variety  of  this  type  the  counter- 
weight is  placed  beneath  the  approach  floor.      In  the  other  variety  it  is 
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Fig.  30(/.     Rail  Bascule  Bridge  over  the  Illinois  River  at  Peoria,  111. 


located  in  a  frame  above  the  floor  (see  the  skeleton  diagram  in  Fig.  30e). 
The  frame,  F,  carrying  the  counterweight,  W,  is  attached  by  means  of 
a  strut  to  the  short  arm  of  the  bascule  at  the  pivot,  A,  and  at  the  top 
by  the  pivot,  B,  to  a  link,  K,  which  is  pin-connected  to  the  tower  at  C. 
This  system  of  cormections  provides  for  a  parallel  movement  of  the  coun- 
terweight at  all  times,  and  thus  does  not  alter  the  ratio  of  lever  arms  nor 
displace  the  centre  of  gravity  of  the  system,  which  is  at  the  main  trun- 
nion, G,  of  the  bascule.  The  leaf  is  operated  by  the  pinion,  P,  engaging 
the  rack,  R,  on  the  short  army ^' Fig.  30/  illustrates  the  Strauss  bascule  at 
Polk  Street,  Chicago.  Since  the  construction  of  this  bridge,  the  Strauss 
Bascule  Bridge  Company  has  developed  a  modification  known  as  the 
"heel  trumiion"  bascule,  which  is  shown  in  skeleton  form  in  Fig.  30gf. 
This  modified  type  has  a  fixed  pivot  point,  E,  at  the  end  pin  of  the 
bottom  chord  of  the  truss.     The  counterweight  trunnion,  T,  is  also  a 
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FiG.  30e.     Strauss  Bascule. 


Fig.  3Q/".     Strauss  Bascule  Bridge  at  Polk  Street,  Chicago,  111. 
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fixed  pivotal  point,  and  is  located  at  the  top  of  a  stationary  tower  sup- 
ported by  the  main  pier  and  an  auxiUary  pier.  The  counterweight,  W,  is 
carried  by  one  end  of  a  trussed  frame  rocking  on  the  trunnion,  T.  The 
other  end  of  this  frame  is  connected  by  a  pivot,  F,  to  a  link,  K,  which 
in  turn  attaches  to  the  hip  of  the  main  truss  by  the  pin,  H.  This  pro- 
vides a  parallelogram  of  linkages,  with  the  side  formed  by  the  triangular 
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Fig.  30^.     Strauss  Heel-trunnion  Bascule. 

tower  before  mentioned  as  a  fixed  link.  Near  the  centre  of  the  latter 
the  operating  strut  is  pivoted  by  the  pin,  C.  A  pull  on  the  strut,  S, 
causes  the  parallelogram  to  close  up,  thereby  raising  the  leaf.  A  detailed 
description  of  the  heel  trunnion  type  will  be  found  in  Engineering  News, 
Vol.  67,  page  830. 

The  Brown  type  of  trunnion  bascule  differs  from  the  others  chiefly  in 
its  method  of  operation  and  in  the  application  of  its  counterweights.  (See 
Fig.  SOh.)    The  usual  truss  form  rotates  about  a  pivot,  E,  in  the  end  post. 


Fig.  SOh.     Brown  Bascule. 

Two  connecting  links,  K  and  J,  control  the  movement  of  this  point.  The 
link,  K,  is  hinged  at  H,  a  fixed  point  on  the  approach  girder,  G,  while  the 
other  link,  J,  is  really  a  continuation  of  the  end  post  and  is  connected  by  a 
pin,  P,  to  the  cross-head  at  the  end  of  the  piston  rod  of  a  hj^draulic  cyl- 
inder, C.  This  cross-head  slides  along  a  horizontal  guide,  T,  and  trans- 
mits through  a  strut,  L,  which  is  really  a  continuation  of  the  lower  chord, 
its  motion  to  the  span.  As  this  cross-head  moves  forward,  the  leaf  is 
forced  to  rotate  about  the  pivot,  E,  as  that  point  is  fixed  horizontally  by 
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the  link,  K,  the  said  huk  being  the  only  member  that  can  provide  the 
reaction  to  the  force  on  the  pin,  P.  However,  this  system  of  linkages 
provides  for  a  slight,  nearly  vertical  motion  of  E  as  the  span  rises,  the 
link,  K,  turning  about  the  hinge,  H.  The  fixed  length  of  the  link,  J, 
and  its  attachment  to  the  cross-head  held  to  the  guide,  T,  limit  the  move- 
ment of  E  to  a  small  arc  only.  The  counterweight,  W,  is  of  the  over- 
head t>TDe,  and  moves  vertically  in  a  tower  built  over  the  approach  span. 
It  is  attached  to  a  cable,  R,  which  rmis  over  a  sheave,  S,  at  the  top  of 
the  tower  and  then  on  an  inclination  to  a  specially  curved  and  grooved 


Fig.  30i.     BrowTi  Bascule  Bridge  at  Buffalo,  N.  Y. 


track,  Q,  fixed  in  an  upright  position  to  the  top  chord,  around  which 
track  the  cable  bends  to  a  reverse  inclination  and  then  fastens  to  a  pin, 
B,  at  the  panel  point  in  the  lower  chord  next  to  the  end.  The  curvature 
of  the  track,  Q,  is  such  that,  as  the  span  rotates  from  the  horizontal 
position  through  an  angle  of  about  81  degrees,  the  horizontal  reaction 
on  the  cross-head  remains  very  small  (thus  ensuring  that  the  mechanism 
will  have  to  overcome  merely  the  friction  of  moving  parts  and  the  wind 
pressure),  while  the  vertical  reaction  thereon  gradually  increases  from 
zero  to  an  uplift  of  nearly  one-third  of  the  weight  of  the  span.  After 
a  rotation  of  81  degrees  has  occurred,  the  centre  of  gravity  of  the  span  is 
almost  directly  over  the  point  P,  and  the  line  of  action  of  the  cables 
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passes  through  the  same  point.  If  the  movement  progresses  still  further, 
the  cables  leave  the  guide,  Q,  and  come  into  contact  with  other  guides 
(not  shown  in  the  sketch)  located  near  the  top  chord;  and  the  bending 
of  the  cables  around  these  guides  sets  up  a  horizontal  force  which  prevents 
the  span  from  tipping  over  toward  the  tower.  During  this  last  stage, 
the  horizontal  reaction  on  the  cross-head  increases  very  rapidly,  while 
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Fig.  30/.     PageBxscule. 

the  vertical  reaction  thereon  remains  nearly  constant.    Fig.  3(K  illustrates 
the  Brown  bascule  at  Buffalo,  N.  Y. 

The  Page  bascule  has  the  unique  feature  of  a  tilting  approach  span 
for  highway  bridges.  This  approach  span  is  utilized  as  a  counterweight. 
In  through  railroad  bridges  the  approach  span  is  fixed  and  a  tilting  coun- 
terweight is  placed  overhead.  As  the  principle  of  operation  is  the  same 
in  each  case,  one  description  will  suffice  for  both  kinds.  See  Fig.  30/. 
The  approach  span.  A,  pivots  on  trunnions,  T,  at  the  shore  end;  while 
the  free  end  is  carried  by  rollers,  R,  resting  on  specially  curved  track 


Fig.  30^.    Chicago  City  Type  Bascule. 

girders,  G,  that  are  fixed  to  the  main  trusses  of  the  bascule.  As  the  leaf 
rises  the  track  girders  rotate  with  it  about  the  pin,  P,  and  cause  the  free 
end  of  the  approach  span  to  drop  also.  This  approach  span  is  loaded 
so  that  it  balances  the  weight  of  the  leaf  in  all  positions.  To  produce  this 
condition  of  constant  equilibrium,  the  contour  of  the  track  girders,  G,  is 
curved  in  such  a  way  that  the  point  of  application  of  the  counterweight 
load  gives  a  decreasing  lever  arm  as  the  leaf  rises  and  its  centre  of  gravity 
approaches  the  vertical  line  passing  through  the  centre  of  rotation.  The 
operating  mechanism  consists  of  long  screws,  S,  provided  ^vith  nuts,  N, 


BASCULE    BRIDGES 


709 


moving  in  guides  on  tlic  girders.  The  motion  of  the  nuts  is  transmitted 
by  the  operating  struts,  K,  to  the  truss  tln-ough  the  pin  connection,  Q, 
Owing  to  the  inherent  inefficiency  of  the  screw  mechanism,  more  power 
is  reciuired  to  operate  this  type  than  is  needed  for  any  of  the  other  bas- 
cules. Tlie  effectiveness  of  the  counterweight  is  reduced  by  the  support 
given  the  counterweigiit  girders  at  the  pivot,  T.  No  pits  are  required 
to  receive  the  counterweights. 

The  Chicago  City  Type  of  bascule  was  developed  by  the  Engineering 
D(>partment  of  Chicago.  See  Fig.  30A;.  The  trusses  are  supported  on 
trunnions,  T,  in  line  with  the  lower  chord,  placed  a  short  distance  back 
from  the  centre  of  gravity  of  the  span.     Counterweights,  W,  are  rigidly 


Fig.  sol     Chicago  City  Type  Bascule  Bridge. 


attached  to  the  end  of  the  shore  arm,  and  a  pit  is  provided  in  the  pier 
for  their  reception  when  the  bridge  is  opened.  The  leaf  is  operated 
by  a  pinion  and  segmental  rack  attached  at  the  end  of  the  short  arm. 
Elastic  bumpers  are  provided  to  absorb  the  shock  in  opening  and  closing 
the  span.  A  w^orm  gear  brake  is  also  supplied  to  check  any  downward 
motion  of  the  leaf,  should  occasion  require.  For  a  double  leaf  bridge 
centre  locks  are  employed,  but  no  rear  locks  are  needed,  as  the  centre 
of  gravity  is  ahead  of  the  pivot. 

Fig.  dOl  shows  a  Chicago  City  Type  bascule  bridge  opened  for  river 
traffic.     Just  beyond  can  be  seen  a  Scherzer  Rolling  Lift  Bridge. 

The  Waddell  &  Harrington  bascule  has  a  number  of  distinctive  fea- 
tures. See  Fig.  30m.  The  trunnions,  T,  which  are  in  line  with  the  top 
chords  of  the  trusses,  are  made  of  special  steel  castings  which  are  rigidly 
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attached  to  a  box-girder,  B,  spanning  the  distance  between  the  trusses. 
The  free  end  of  each  trunnion  has  a  cyhndrical  bearing,  C,  with  its  axis 
parallel  to  the  plane  of  the  truss.  This  bearing  fits  into  a  cup,  D,  mounted 
on  a  standard  or  tower  anchored  to  the  pier.  The  object  of  this  cyhn- 
drical bearing  is  to  permit  a  slight  rotation  due  to  the  deflection  of  the 
box-girder  connecting  the  trunnions.  Between  this  cylindrical  bearing 
and  the  end  of  the  box-girder  is  an  enlargement  of  the  trunnion,  or  a 
segmental  ring,  R,  having  a  spherical  surface.  A  hub  casting,  H,  bored 
to  fit  this  spherical  surface,  turns  on  the  segmental  ring  and  supports 


[nlarged Detail  of  TrunnionT 

Fig.  3Qto.     Waddell  &  Harrington  Bascule. 


the  truss.  This  gives  a  bearing  of  large  area  and  permits  of  using  a  lower 
unit  pressure.  This  spherical  surface  also  provides  for  the  slight  bend- 
ing of  the  trunnion  in  a  plane  perpendicular  to  the  truss  as  the  deflection 
of  the  box  girder  varies  with  the  change  in  loads,  thereby  preventing  any 
binding  or  any  unequal  distribution  of  loading  on  tho  two  sides  of  the 
truss  that  would  involve  high  secondary  stresses.  The  span  is  operated 
by  a  system  of  cables  connected  by  equalizer  bars  to  each  truss  at  the 
ends  of  the  segment  of  the  short  arm  of  the  bascule.  These  cables  follow 
the  curve  of  the  segment  and  pass  around  a  nearby  idler  sheave,  S,  under 
the  floor  and  then  to  the  winding  drum,  D,  from  which  they  return  to 
the  idler  and  then  to  the  other  attachment  at  the  segment.  Provision  is 
made  for  reversing  the  rotation  of  the  winding  drum.     As  the  span  is 
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balanced  about  the  centre  of  rotation  by  a  concrete  counterweight,  W, 
at  the  upper  end  of  the  segment,  extending  from  truss  to  truss,  only  suf- 
ficient power  to  overcome  the  friction  and  inertia  of  the  moving  parts  is 
needed  to  operate  the  span.  Fig.  SQn  depicts  a  bascule  of  this  type 
erected  over  False  Creek  at  Westminster  Ave.,  Vancouver,  B.  C. 

The  first  roller  bearing  bascule  was  developed  by  Montgomery  Wad- 
dell,  Esq.,  C.  E.,  to  whom  patents  were  issued  in  1899.     See  Fig.  30o. 


Fig.  30n.     Westminster  Avenue  Bridge  over  False  Creek  at  Vancouver,  B.  C 

There  are  two  distinct  designs  for  this  type  of  bascule.  In  one  the  cir- 
cular end  of  each  truss  of  the  moving  span  rests  on  a  nest  of  solid  rollers, 
R,  that  are  effectively  connected  to  each  other  by  spacers  and  which  are 
supported  in  a  cyhndrical,  cup-shaped  bearing.  These  rollers  have  trun- 
nions which  rest  on  the  curved  track,  T,  and  which  have  a  diameter  one 
half  of  that  of  the  rollers,  consequently  the  translation  of  the  rollers  is 
onh'  one-fourth  as  rapid  as  that  of  the  cyhndrical  surface  which  bears 
on  them.  In  the  other  design  the  last  mentioned  surface  rests  on  two 
stationary'  compound  rollers  per  truss,  of  the  type  shown  in  the  lower 
portion  of  Fig.  30o.  In  both  types,  and  more  especially  in  the  second, 
the  frictional  resistance  to  motion  is  reduced  to  a  very  small  quantity. 
As  shown  in  the  drawing,  the  compound  roller  consists  of  a  single  large 
solid  cylinder,  R3,  surrounded  by  a  nest  of  small,  solid  rollers,  R2,  that 
are  encased  by  a  large,  hollow  cylinder,  Ri.  Such  a  combination  approxi- 
mates closely  in  efficiency  to  a  ball-bearing.  To  operate  the  bascule,  a 
pinion  engages  a  rack  on  the  outside  of  the  segment  in  the  planes  of  the 
trusses.  An  overhead  counterweight,  W,  is  provided  at  the  upper  end  of 
the  segment.    No  pit  is  required  in  the  pier  to  receive  either  the  tail  end 
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of  the  span  or  the  counterweight.  The  centre  of  gravity  corresponds  to 
the  centre  of  rotation  so  that  only  friction  and  inertia  have  to  be  over- 
come J^  Fig.  30p  shows  a  general  plan  for  a  750  foot,  double-leaf,  bascule 
bridge  for  a  proposed  crossing  of  the  Mississippi  River  just  below  New 
Orleans,  designed  jointly  by  the  author  and  his  brother,  Montgomery,  for 
the  noted  raih-oad  builder,  the  late  Colhs  P.  Huntmgton,  Esq.,  and  hi.- 


Cnlarg^d  Detail  or  a  Compound  Roller 

Fig.  30o.     Montgomery  Waddell's  Roller-bearing  Bascule. 

i 

consultmg  engmeer.  Dr.  Elmer  L.  Corthell.  The  death  of  Mr.  Huntington 
was  the  sole  reason  for  the  failure  of  this  bridge  project  to  materialize.  In 
this  case  the  rollers  were  to  be  stationary,  and  the  counterweights  were  to 
be  attached  to  long  arms  extending  beyond  the  rolling  segment  and  out- 
side thereof.  Fig.  30(7  shows  a  plan  for  a  double-leaf  bascule  bridge  over 
the  Chicago  Drainage  Canal.  For  this  bridge  the  moving  rollers  were 
selected.  Attention  is  called  to  the  relatively  small  amount  of  concrete 
needed  for  substructure. 

The  Co^ving  bascule,  based  on  patents  issued  to  John  P.  Cowing, 
Esq.,  in  1900,  is  very  similar  to  the  Montgomery  Waddell  t>T>e.  The 
semicircular  segment,  forming  the  tail  end  of  the  lifting  span,  moves  on 
a  nest  of  solid  rollers,  which  in  turn  move  on  a  track  girder  curved  to 
correspond  with  the  said  rolling  segment.  The  counterweight  is  partly 
above  the  floor  and  partly  below.     The  leaf  is  balanced  hi  all  positions. 


!io'-o_ 
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Fig.  30p.    Proposed  Eoller-bearing-bascule  Bridge  over  the  Mississippi  Eiver  at  New  Orleans,  La. 
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as  the  centre  of  rotation  is  at 
the  centre  of  gravity  of  the 
mass.  When  the  bridge  is 
closed,  the  hve  load  reaction 
comes  on  a  bearing  placed 
upon  the  pier  in  front  of  the 
curved  track  or  cradle.  It 
is  clauned  that  the  Cowing 
type  is  a  direct  infringement 
on  the  Montgomery  Waddell 
patents. 

The  question  is  often 
asked:  "Which  is  the  best 
of  the  various  types  of  bas- 
cule?" It  is  a  difficult  one 
to  answer.  Truth  to  tell, 
there  is  not  today  much  dif- 
ference in  efficiency  between 
any  of  them.  Each  has  its 
advantages  and  its  disad- 
vantages. All  of  them  are 
inherently  ugly,  and  for  all 
but  comparatively  short 
spans  are  uneconomic  in 
comparison  to  the  vertical 
lift;  but  they  are  scientific, 
and  they  represent,  probably, 
the  best  and  most  profound 
thought  that  has  ever  been 
devoted  to  bridge  engineer- 
ing. They  certainly  are  com- 
plicated structures,  and  as 
such  they  require  good  care 
and  constant  attention. 
They  are  more  satisfactory 
than  the  swing  span  in  sev- 
eral important  particulars; 
and  wherever  they  can  be 
built  more  cheaply  than  the 
vertical  hft,  they  should  be 
adopted. 

The  retreating  type,  in 
which  the  axis  of  rotation 
has  a  motion  of  translation 
longitudinally  with  the  struc- 
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ture,  has  the  advantage  of  giving  generally  a  greater  clear  opening  for 
any  total  length  of  span  than  does  the  type  with  the  fixed  trunnion, 
and  on  that  account  it  ought  to  be  somewhat  cheaper;  but,  on  the 
other  hand,  it  usually  involves  greater  expense  for  the  machinery  and 
the  structural  details  directly  connected  therewith.  The  principal  disad- 
vantage of  the  retreating  type,  as  before  stated,  is  that  it  is  really  suit- 
able only  when  the  pier  foundations  are  either  rock  or  some  other  very 
solid  material ;  because  the  variation  of  the  loading  on  a  pile  foundation, 
by  constantly  changing  the  location  of  the  centre  of  pressure  of  the  load, 
tends  to  rack  the  pier  or  abutment.  In  general,  the  author's  choice 
would  be  for  the  type  with  the  fixed  position  of  axis  of  rotation,  but  he  is 
not  at  all  prejudiced  either  pro  or  con;  hence,  if  a  case  were  to  occur  in 
which  the  piers  were  designed  to  rest  on  a  solid  bearing  and  in  which 
the  retreating  type  showed  by  careful  estimates  a  material  saving  in  first 
cost,  he  would  not  hesitate  to  adopt  it. 

The  Scherzer  type  of  bascule  apparently  has  been  the  most  popular 
of  all  types  up  to  the  present  time,  notwithstanding  the  fact  that  many 
of  the  earlier  bridges  of  this  make  wrenched  themselves  to  pieces,  the 
principal  points  of  failure  being  the  teeth  of  the  rack,  the  peripheral  seg- 
ment connecting  thereto,  and  the  attachment  of  the  said  segment  to  the 
span;  for  the  teeth  broke  and  the  rivets  sheared  constantly  after  a  few 
years  of  service.  It  is  claimed,  though,  that  these  defects  have  been 
remedied  in  the  later  designs  of  the  Scherzer  Bridge  and  that  the  struc- 
tures of  that  type  built  during  the  last  few  vears  are  giving  good  satis- 
faction. 

Not  enough  bridges  of  the  Rail  patent  have  been  built  to  warrant 
one  in  passing  judgment  upon  its  merits  and  demerits;  but, 
from  all  that  can  be  learned,  it  appears  to  be  a  satisfactory  type  of 
structure. 

A  good  many  bridges  of  the  Strauss  type  have  been  built,  and  from 
all  that  can  be  learned  they  are  operating  well;  but  they  are  specially 
deficient  from  the  aesthetic  point  of  view.  However,  that  cuts  very  little 
figure,  as  no  bascule  bridge  ever  designed  can  be  claimed  to  be  a  thing 
of  beauty.  If  it  will  open  quickly  and  keep  in  good  order,  that  is  about 
all  that  can  be  expected  of  it. 

As  yet  there  is  only  one  of  the  Brown  bascules  in  operation.  It  is 
giving  good  service  and  is  of  as  scientific  construction  as  any  of  the  t>T)es. 
Some  engineers  may  claim  that  the  employment  of  wire  rope  in  its  design 
is  a  defect;  but  the  author  does  not  agree  with  that  opinion,  because 
that  material  is  the  most  reliable  of  all  the  kinds  of  metal  with  which 
an  engineer  has  to  deal.  For  comparatively  short  span  bridges  (and  those 
are  the  only  ones  for  which  the  bascule  is  truly  suitable)  this  type  ought 
to  give  satisfactory  service. 

The  Page  bascule  has  not  yet  been  thoroughly  tested  by  age,  nor  have 
many  of  them  been  built.    The  screw  mechanism  employed  in  its  opera- 
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tion  is  certainly  not  a  feature  of  design  that  can  be  considered  in  its 
favor;   for  it  must  increase  greatly  the  amount  of  power  required. 

The  Chicago  City  type  of  bascule  has  given  good  satisfaction  for  a 
number  of  years,  although  it  is  said  to  be  somewhat  expensive  in  con- 
struction. The  fact  that  it  involves  the  use  of  a  pit  below  water  level 
may  account  for  a  large  portion  of  the  excess  cost;  and,  moreover,  that 
feature  is  not,  to  say  the  least,  a  desirable  one,  owing  to  the  necessity 
for  keeping  the  pit  clean  and  free  from  water.  However,  the  city  au- 
thorities in  Chicago  seem  to  prefer  it  to  all  other  types,  possibly  because 
it  is  not  patented;  and  the  existence  of  such  a  preference  is  certainly  a 
strong  point  in  its  favor. 

There  has  been  but  one  bridge  of  the  Waddell  and  Harrington  type 
of  bascule  built,  and  that  one  does  not  often  have  to  be  operated — in  fact, 
it  is  needed  so  seldom  that  the  bridge  has  to  be  opened  occasionally  in 
order  to  keep  all  the  moving  parts  properly  lubricated.  On  that  account 
it  is  impracticable  to  pass  judgment  upon  its  efficiency.  This,  however, 
may  be  stated — that,  because  of  its  two  adjustment-provisions  for  axle 
deflection,  it  is  the  most  perfect  of  all  bascules  yet  built  with  overhead 
axle.  The  secondary  stresses  that  are  induced  in  any  bridge  of  that 
type  in  which  the  axle  deflections  are  not  properly  cared  for  would  startle 
by  their  magnitude  any  computer  who  might  take  the  trouble  to  analyze 
them  thoroughly.  The  type  is  not  specially  economical.  It  was  adopted 
by  the  City  of  Vancouver  because  of  the  fact  that  no  royalty  was  asked 
for  its  use,  the  patents  on  it  being  controlled  by  the  City's  consulting 
engineers. 

Of  all  the  kinds  of  bascule  with  which  the  author  has  ever  had  any- 
thing to  do,  that  one  of  his  brother's  numerous  patented  types  which  is 
described  herein  appeals  to  him  the  most,  notwithstanding  the  fact  that 
in  years  long  gone  by  he  made  a  number  of  unsuccessful  attempts  to 
introduce  it  in  competition.  His  failures  cannot  be  attributable  to  any 
inferiority  in  the  plans  or  in  the  t3Ape  of  structure;  for  his  estimates, 
as  compared  wdth  those  for  the  competing  structures,  always  showed  a 
decided  economy  in  first  cost.  The  true  reason  was  that  he  was  unwill- 
ing to  resort  to  the  means  of  introduction  of  the  type  that  were  indicated 
to  him  as  necessary  to  ensure  success.  There  is  but  little  to  choose  from 
between  the  two  styles  of  rollers,  although  Mr.  Cowing  evidently  pre- 
ferred the  nest  of  solid  ones,  as  that  is  the  type  which  he  adopted  in  taking 
out  his  patent. 

More  bascules  of  the  trunnion  type  have  been  built  than  of  the  other 
types.  The  longest  bascule  bridge  yet  constructed  is  one  of  the  Strauss 
trunnion  variety  at  the  Canadian  Pacific  Railway  crossing  of  the  Sault 
Ste.  Marie  ship  canal.  This  bridge  is  of  two  leaves  and  has  a  length  of 
336  feet  between  trunnions.  It  is  of  the  through  truss  type,  and  is  pro- 
vided at  the  ends  of  the  leaves  -with  locking  devices  for  the  top  and  bot- 
tom chords,  so  that  when  closed  and  locked  it  acts  as  a  simple  span.     For 
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a  detailed  description  of  the  structure  witli  illustrations,  the  reader  is 
referred  to  Engineering  News,  Vol.  73,  page  108. 

The  number  of  bascules  constructed  in  America  has  become  so  large 
that  a  complete  list  of  them  would  be  beyond  the  scope  of  this  chapter. 
The  cities  of  Chicago  and  Milwaukee  have  been  their  largest  users  in 
this  country,  and  the  Sanitary  District  of  Chicago  has  built  a  great  num- 
ber of  them  over  the  Drainage  Canal.  Bascules  have  also  been  adopted 
at  Cleveland,  Buffalo,  Toledo,  Peoria,  Portland,  Ore.,  Providence,  Phil- 
adelphia, and  other  cities.  In  general,  the  modern  bascule  has  given 
good  service.  For  spans  requiring  leaves  not  much  longer  than  one 
hundred  feet  it  is  eminently  satisfactory;  but  beyond  that  limit  the 
first  cost  of  the  structure  begins  to  become  too  high  as  compared  ■v\ath 
the  vertical  hft  type  of  movable  bridge,  which  type  is  treated  at  length 
in  the  next  chapter. 

In  concluding  this  chapter  the  author  desires  to  express  his  hearty 
thanks  to  the  following  gentlemen  and  companies  for  their  courtesy  in 
furnishing  him  with  the  data  concerning  their  types  of  bascule  bridges: 

The  Scherzer  Rolling  Lift-Bridge  Company. 

The  Strobel  Steel  Construction  Company. 

J.  B.  Strauss,  Esq.,  C.  E. 

Thos.  E.  Brown,  Esq.,  C.  E. 

Messrs.  Page  and  Shnable. 

The  engineers  of  the  Bridge  Department  of  the  City  of  Chicago,  and 
especially  John  Ericson,  Esq.,  C.  E.,  the  City  Engineer. 


CHAPTER  XXXI 

VERTICAL   LIFT   BRIDGES 

The  history  of  vertical  lift  bridges  has  been  thoroughly  worked  up 
by  Henry  Grattan  Tyrrell,  Esq.,  C.  E.,  in  a  paper  presented  to  The  Uni- 
versity of  Toronto  Engineering  Society,  published  in  Applied  Science  in 
1912,  and  reprinted  in  pamphlet  form  by  Mr.  Tyrrell.  It  is  well  worth 
perusal  by  anyone  who  is  interested  in  the  evolution  of  bridge  building. 
Briefly  stated,  the  development  of  the  vertical  lift  bridge  is  as  follows: 

The  first  one  of  which  there  is  any  record  was  a  thirty-foot  span  hav- 
ing a  lift  of  six  and  a  half  feet,  being  a  portion  of  a  wooden  trestle  over 
the  Danube  River  at  Vienna.  Subsequent  to  this  a  number  of  very  short 
spans  ^^'ith  low  lifts  were  constructed  in  Europe.  The  first  design  for  a 
lift  of  any  importance  in  respect  to  both  span  and  rise  was  one  submitted 
in  1850  by  Captain  W.  Moorson  of  London  in  a  prize  competition  on 
plans  for  a  bridge  to  cross  the  Rhine  at  Cologne.  It  had  a  lifting  span 
one  hundred  feet  long  and  about  fifty  feet  wide  with  a  rise  of  fifty-four 
feet.  The  prize  was  awarded  to  another  competitor.  In  1867  a  design 
was  made  by  Oscar  Roper  of  Hamburg  for  a  three-hundred-foot  lift  span, 
which  could  be  raised  high  enough  to  permit  ocean-going  vessels  to  pass 
beneath,  but  nothing  ever  came  of  it.  In  1872  T.  E.  Laing  proposed  a 
lift  span  in  a  bridge  over  the  River  Tees  at  Newport  near  Middlesbrough, 
England;  but  it  did  not  materialize.  The  movable  span  was  to  be  two 
hundred  feet  long,  the  lift  forty  feet,  and  the  maximum  vertical  clearance 
ninety  feet.  It  was  to  be  operated  by  adding  and  withdrawing  water, 
the  tank  therefor  being  a  part  of  the  counterweight.  In  1878  there  was 
an  elaborate  design  for  a  hft  bridge  made  by  M.  H.  Matthyssens  for  a 
crossing  of  the  Scheldt  at  Antwerp,  involving  a  span  of  one  hundred 
and  thirty-one  feet  and  about  the  same  clear  height.  About  this  time 
a  few  small  spans  with  low  lifts,  generally  over  canals,  were  built  in  va- 
rious parts  of  Europe,  but  until  quite  lately  no  vertical  lift  bridge  of  any 
importance  has  been  constructed  in  Europe. 

In  1872  Squire  Whipple,  one  of  the  pioneers  in  American  bridge  build- 
ing, began  to  design  and  build  short  lift  spans  with  small  rises  to  cross 
the  canals  of  New  York  State,  including  one  at  Syracuse  in  which  only 
the  deck  moves.  During  the  next  two  decades  a  number  of  small  ver- 
tical lifts  were  built  across  canals  in  the  Eastern  States,  and  a  fcAV  were 
constructed  abroad.  In  1892  the  author  proposed  for  a  crossing  of  the 
ship  canal  at  Duluth  a  vertical  lift  span  of  two  hundred  and  fifty  feet 
with  a  vertical  clearance  of  one  hundred  and  forty  feet.     As  explained 
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in  Chapter  XXVIII,  his  design  was  accepted  in  competition;  but  the 
War  Department  prevented  the  building  of  the  structure.  A  similar 
bridge  of  one  hundred  and  thirty  feet  span  and  one  hundred  and  fifty- 
five  feet  vertical  clearance  was  proposed  a  few  months  later  by  him  for 
a  crossing  of  the  South  Chicago  River  at  South  Halsted  Street,  Chicago. 
His  proposition  was  accepted  and  the  bridge  was  built.  A  full  descrip- 
tion of  the  structure  is  given  in  a  paper  by  the  author  published  in  the 
Transactions  of  the  American  Society  of  Civil  Engineers  for  January,  1895, 
and  from  it  the  following  condensation  was  made  and  published  in  De 
Pontibus: 

"  The  bridge  consists  of  a  single,  Pratt-truss,  through  span  of  130  ft.  in  seven  equal 
panels,  and  having  a  truss  depth  of  23  ft.  between  centres  of  chord  pins,  so  supported 
and  constructed  as  to  permit  of  being  lifted  vertically  to  a  height  of  155  ft.  clear  above 
mean  low  water.  At  its  lowest  position  the  clearance  is  about  15  ft.,  which  is  sufficient 
for  the  passage  of  tugs  when  their  smokestacks  are  lowered.  The  span  differs  from 
ordinary  bridges  only  in  having  provisions  for  attaching  the  sustaining  and  hoisting 
cables,  guide-rollers,  etc.,  and  in  the  inclination  of  the  end  posts,  which  are  battered 
shghtly,  so  as  to  bring  their  upper  ends  at  the  proper  distance  from  the  tower  columns, 
and  their  lower  ends  in  the  required  position  on  the  piers. 

"At  each  side  of  the  river  is  a  strong,  thoroughly  braced,  steel  tower,  about  217  ft. 
high  from  the  water  to  the  top  of  the  housing,  exclusive  of  the  flag-poles,  carrying  at  its 
top  four  built-up  steel  and  cast-iron  sheaves,  12  ft.  in  diameter,  which  turn  on  12  in. 
axles.  Over  these  sheaves  pass  the  13^  in.  steel-wire  ropes  (32  in  all),  which  sustain  the 
span.  These  ropes  are  double,  i.e.,  two  of  them  are  brought  together  where  the  span  is 
suspended,  and  the  ends  are  fastened  by  clamps,  while,  where  they  attach  to  the  counter- 
weights, they  form  a  loop,  which  passes  around  a  15-in.  wheel  or  pulley  that  acts  as  an 
equaUzer  in  case  the  two  adjacent  ropes  tend  to  stretch  unequally. 

"The  counterweights,  which  are  intended  just  to  balance  the  weight  of  the  span, 
consist  of  a  number  of  horizontal  cast-iron  blocks  about  10  x  12  inches  in  section,  and 
8  feet  7  inches  long,  strung  on  adjustable  wrought-iron  rods  that  are  attached  to  the 
ends  of  rockers,  at  the  middle  of  each  of  which  is  inserted  the  15-inch  equalizing  wheel 
or  pulley  previously  mentioned. 

"The  counterweights  run  up  and  down  in  guide-frames  built  of  3-inch  angles. 

"The  weight  of  the  cables  is  counterbalanced  by  that  of  vvTOught-iron  chains,  one 
end  of  each  chain  being  attached  to  the  span  and  the  other  end  to  the  counterweights, 
so  that,  whatever  may  be  the  elevation  of  the  span,  there  wiU  always  be  the  same  com- 
bined weight  of  sustaining  cables  and  chain  on  one  side  of  each  main  sheave  as  there  is 
upon  its  other  side. 

"Between  the  tops  of  the  opposite  towers  pass  two  shallow  girders  thoroughly  sway- 
braced  to  each  other,  and  riveted  rigidly  to  the  said  towers.  The  main  function  of  these 
girders  is  to  hold  the  tops  of  the  towers  in  correct  position;  but  incidentaUj'  they  serve 
to  support  the  idlers  of  the  operating  ropes  and  to  afford  a  footwalk  from  tower  to  tower 
for  the  use  of  the  bridge-tender.  Adjustable  pedestals  under  the  rear  legs  of  each  tower 
provide  for  unequal  settlement  of  the  piers  which  support  the  tower  columns.  Each  of 
these  pedestals  has  an  octagonal  forged  steel  shaft,  expanding  into  a  sphere  at  one  end, 
and  into  a  cylinder  with  screw-threads  at  the  other.  The  ball  end  works  in  a  spherical 
socket  on  a  pedestal,  and  the  screw  end  works  in  a  female  screw  in  a  casting  which  is 
very  firmly  attached  to  the  bottom  of  the  tower-leg.  It  is  evident  that  by  turning  the 
octagonal  shaft  the  rear  column  will  be  lengthened  or  shortened.  The  turning  is  ac- 
complished by  means  of  a  special  bar  of  great  strength,  which  fits  closely  to  the  octagon 
at  one  end,  and  to  the  other  end  of  which  can  be  connected  a  block  and  tackle  if  necessary. 


VERTICAL   LIFT   BRIDGES  719 

These  screw  adjustments  were  useful  in  erecting  the  structure,  but  it  is  quite  likely  that 
they  will  never  again  be  needed.  But  in  case  there  is  ever  any  tower  adjustment  re- 
quired, it  will  be  found  that  the  extra  money  spent  on  them  will  have  been  well  expended. 

"Each  tower  consists  of  two  vertical  legs,  against  which  the  roller-guides  on  the 
trusses  bear,  and  two  inclined  rear  logs.  These  legs  are  thoroughly  braced  together  on 
all  four  faces  of  the  tower;  and  at  each  tier  thereof  there  is  a  system  of  horizontal  sway- 
bracing,  which  will  prevent  most  effectively  every  tendency  to  distort  the  tower  by 
torsion. 

"At  the  tops  of  the  towers  there  are  four  hydraulic  buffers  that  are  capable  of 
bringing  the  span  to  rest,  without  jar,  from  its  greatest  velocity,  which  was  assumed  to 
be  4  feet  per  second;  and  there  are  four  more  of  these  buffers  attached  beneath  the 
span,  one  at  each  corner,  to  serve  the  same  purpose. 

"The  span  with  all  that  it  carries  weighs  about  290  tons,  and  the  counterweights 
weigh,  as  nearly  as  may  be,  the  same.  As  the  cables  and  their  counterbalancing  chains 
weigh  fully  20  tons,  the  total  weight  of  the  moving  mass  is  almost  exactly  600  tons. 

"Should  the  span  and  the  counterweights  become  out  of  balance  on  account  of  a 
greater  or  less  amount  of  moisture,  snow,  dirt,  etc.,  in  and  on  the  pavement  and  side- 
walks, it  can  be  adjusted  by  letting  water  into  and  out  of  ballast-tanks  located  beneath 
the  floor;  and,  should  this  adjustment  be  insufficient,  provision  is  made  for  adding 
small  weights  to  the  counterweights,  or  for  placing  such  weights  on  the  span. 

"As  the  counterweights  thus  balance  the  weight  of  the  span,  all  the  work  which 
the  machinery  has  to  do  is  to  overcome  the  friction,  bend  the  wire  ropes,  and  raise  or 
lower  any  small  unbalanced  load  that  there  may  be.  It  has  been  designed,  however, 
to  lift  a  considerable  load  of  passengers  in  case  of  necessity,  although  the  structure  is  not 
intended  for  this  purpose,  and  should  never  be  so  used  to  any  great  extent. 

"The  span  is  steadied  while  in  motion  by  rollers  at  the  tops  and  bottoms  of  the 
triisses.  There  are  both  transverse  and  longitudinal  rollers,  the  former  not  touching 
the  columns,  unless  there  is  sufficient  wind-pressure  to  bring  them  to  a  bearing.  The 
longitudinal  rollers,  though,  are  attached  to  springs,  which  press  them  against  the 
columns  at  all  times,  and  take  up  the  expansion  and  contraction  of  the  trusses.  With 
the  rollers  removed,  the  bridge  swings  free  of  the  columns;  and,  since  the  attachments 
are  purposely  made  weak,  the  result  of  a  vessel's  striking  the  bridge  with  its  hull  will  be 
to  tear  them  away  and  swing  the  span  to  one  side.  Should  the  rigging  of  the  vessel, 
however,  strike  the  span,  the  effect  will  be  simply  to  break  off  the  masts  without  injury 
to  the  bridge.  This  latter  accident  has  happened  once  already,  the  result  being  exactly 
what  the  author  had  predicted.  There  is  a  special  apparatus,  consisting  of  a  hea\y 
square  timber  set  on  edge,  trimmed  on  the  rear  to  fit  into  a  steel  channel  which  rivets 
to  the  cantilever  brackets  of  the  sidewalk,  and  faced  with  a  6  x  6-inch  heavy  angle-iron, 
to  act  as  a  cutting  edge.  This  detail  is  a  very  effective  one  for  destroying  the  masts  and 
rigging  of  coUiding  vessels. 

"The  bridge  is  designed  to  carry  a  double-track  street  railway,  vehicles,  and  foot- 
passengers.  It  has  a  clear  roadway  of  34  feet  between  the  counterweight  guides  in  the 
towers,  the  narrowest  part  of  the  structure,  and  two  cantilevered  sidewalks,  each  7 
feet  in  the  clear,  the  distance  between  central  planes  of  trusses  being  40  feet,  and  the 
extreme  width  of  suspended  span  57  feet,  except  at  the  end  panels,  where  it  is  increased 
gradually  to  63  feet.  The  roadway  is  covered  with  a  wooden  block  pavement  34  feet 
wide  between  guard-rails  resting  on  a  4-inch  pine  floor,  that  in  turn  is  supported  by  wooden 
shims  which  are  bolted  to  15-inch  I-beam  stringers,  spaced  about  3  feet  3  inches  from 
centre  to  centre.  These  stringers  rivet  up  to  the  webs  of  the  floor-beams,  and  beneath 
them  run  diagonal  angles,  which  rivet  to  the  bottom  flange  of  each  stringer,  and  thus 
form  a  very  efficient  lower  lateral  system.  The  sidewalks  are  covered  with  2-inch  pine 
plajiks,  resting  on  3  x  12-inch  pine  joints  spaced  about  2  feet  from  centre  to  centre. 

"The  span  is  suspended  at  each  of  the  four  upper  corners  of  the  trusses  by  eight 
steel  cables,  which  take  hold  of  a  pin  by  means  of  cast-steel  clamps.     This  pin  passes 
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through  two  hanger-plates  which  project  above  the  truss,  and  are  riveted  very  effectively 
to  the  end  post  by  means  of  the  portal  plate-girder  strut  on  the  inside  and  a  special, 
short,  cantilever  girder  on  the  outside. 

"Each  portal-girder  can-ies  near  each  end  an  iron-bound  oak  block  to  take  up  the 
blow  from  the  hydraulic  buffer,  which  hangs  from  the  overhead  girder  between  towers. 
Similar  oak  blocks  are  let  into  and  project  from  the  copings  of  the  main  piers  to  take 
up  the  blow  from  the  hydraulic  buffers  that  are  attached  to  the  span. 

"The  ballast-tanks  before  alluded  to,  of  which  there  are  four  in  all,  are  built  of  steel 
plates  properly  stiffened,  and  have  a  capacity  of  about  19,000  pounds,  which  is  probably 
more  than  enough  to  set  the  bridge  in  motion,  if  it  were  all  an  unbalanced  load.  These 
tanks  serve  a  double  purpose,  the  first  being  simply  to  balance  the  bridge  when  it  gets 
out  of  adjustment  because  of  the  varjang  load  of  moisture,  etc.,  on  the  span,  and  the 
second  being  to  provide  a  quick  and  efficient  means  of  raising  and  lowering  the  span  in 
case  of  a  total  breakdown  of  the  machinery.  If,  for  instance — which  is  highly  improbable 
— the  operating  ropes  were  broken  and  had  to  be  detached  from  their  drums,  by  empty- 
ing aU  of  the  water  out  of  the  tanks  the  span  could  be  made  to  rise.  It  could  be  lowered 
again  by  fiUing  them  from  a  reservoir  which  is  placed  on  top  of  one  of  the  towers  and  kept 
filled  with  water  at  all  times  by  means  of  a  pump  in  the  machinery-house.  The  water  in 
all  of  these  tanks  can  be  kept  from  freezing,  or  the  ice  therein  can  be  thawed  at  any  time, 
by  turning  on  steam  from  the  machinery-room  into  the  coils  of  pipe  which  they  contain. 

"The  operating  machinery  is  located  in  a  room  37  x  53  feet,  the  opposite  sides  being 
parallel,  but  the  adjacent  sides  being  oblique  to  each  other,  the  obUquity  amounting  to 
about  12  degrees.  The  placing  of  this  machinery  beneath  the  street  was  really  forced 
upon  the  author,  who  had  originally  contemplated  using  electrical  machinery  and 
putting  it  in  a  house  in  one  of  the  towers. 

"The  arrangement  of  the  operating  machinery  is  as  follows :  Two  70-H.P.  steam- 
engines  communicate  power  to  an  8-inch  horizontal  shaft  carrying  two  6-foot  spiral- 
grooved,  cast-iron  drums,  aroimd  which  the  %-inch  steel-wire  operating  cables  pass. 
As  one  of  the  lifting-ropes  passes  off  the  drum,  the  corresponding  lowering-rope  takes 
its  place,  and  vice  versa,  the  extreme  horizontal  travel  being  a  httle  less  than  12-inches. 
Thus  by  turning  the  drums  in  one  direction  the  span  is  raised,  and  by  turning  them  in  the 
other  direction  the  counterweights  are  raised,  and  the  span  consequently  is  lowered. 
When  the  span  is  at  its  lowest  position,  the  fuU  power  of  one  engine  can  be  turned  on  to 
puU  up  on  the  counterweights,  thus  throwing  some  dead  load  on  the  pedestals  of  the 
span,  after  which  the  drums  can  be  locked.  Before  the  bridge  was  completed  the  writer 
considered  that  this  would  be  necessary,  in  order  to  check  vibration  from  rapidly  passing 
vehicles;  but  such  has  not  proved  to  be  the  case,  for  the  span  is  very  rigid,  and  the  amount 
of  the  vibration  is  not  worth  mentioning.  It  is  possible,  though,  that  in  some  other 
lift-bridges,  where  the  ratio  of  Uve  load  to  dead  load  is  greater,  this  feature  of  operation 
could  not  be  ignored. 

"The  engines  are  provided  with  friction-brakes  that  are  always  in  action,  except 
when  the  throttle  is  opened  to  move  the  span;  consequently  no  unexpected  movement 
of  the  span  is  possible. 

"The  raising-ropes,  after  leaving  the  drums,  pass  out  of  the  machinery-house  to  and 
beneath  some  5-foot  idlers  under  the  towers,  thence  up  to  the  top  of  the  north  tower, 
where  they  pass  over  some  4-foot  idlers  and  the  main  12-foot  sheaves.  Four  of  them 
here  pass  down  to  the  north  end  of  the  span,  and  the  other  four  run  across  to  the  other 
tower  over  more  idlers,  then  down  to  the  south  end  of  the  span. 

"The  lowering-ropes,  after  leaving  the  drums  in  the  machinery-room,  pass  under 
some  idlers  below  the  north  tower,  and  thence  up  to  more  idlers  at  the  top  of  the  tower. 
Four  of  them  here  pass  down  to  the  counterweights  in  the  north  tower,  and  the  other 
four  run  across,  over  intermediate  idlers  in  the  overhead  bracing,  to  the  main  12-foot 
sheaves  of  the  south  tower,  then  downward  to  the  counterweights. 

"In  addition  to  the  previously  mentioned  method  of  moving  the  span  by  the  water- 
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ballast,  there  is  a  man-power  operating  apparatus  of  simple  design  in  the  machinery- 
house,  which,  when  used  alone,  can  raise  and  lower  the  span  slowly  in  case  the  steam- 
power  gives  out,  or  more  rapidly  when  combined  with  the  water-ballast  method. 

"As  the  span  nears  its  highest  and  lowest  positions,  an  automatic  cut-off  apparatus 
in  the  machinery-room  shuts  off  the  steam  from  the  cyUnders  and  thus  prevents  the 
hydrauhc  buffers  from  being  overtaxed." 

In  Fig.  31a  is  presented  a  view  of  the  Halsted  Street  Lift  Bridge  par- 
tially raised.  The  original  design  called  for  the  use  of  two  sixty-five 
horse-power  electric  motors,  but  the  city  of  Chicago  required  a  steam 
engine  plant  of  one  hundred  and  fifteen  horse-power  instead.  The  cost 
of  this  plant  for  both  operation  and  maintenance  was  found  to  be  ex- 
cessive; and  in  1907  electric  motors  were  substituted  for  the  steam  en- 
gines. Operation  by  steam  had  required  the  services  of  three  engine 
men,  two  signal  men,  four  policemen,  and  one  coal  shoveler,  ten  men 
in  all,  their  combined  wages  amounting  to  one  thousand  dollars  per 
month;  and  in  addition  there  were  one  hundred  and  seventy  dollars 
per  month  expended  for  coal,  as  it  was  necessary  to  keep  the  boilers  going 
at  all  times  during  the  season  of  navigation.  The  cost  of  the  electric 
power  for  intermittent  service  proved  to  be  only  one  hundred  and  fifty 
dollars  per  month;  and  the  services  of  only  one  tender  were  required, 
while  two  had  been  formerly  needed  with  steam.  The  change  resulted 
in  a  saving  of  over  three  thousand  dollars  per  annum  in  the  operating 
expenses. 

In  the  before-mentioned  paper  published  by  the  American  Society  of 
Civil  Engineers  there  appeared  the  following: 

"If  the  author  were  to  design  another  hft-bridge  similar  to  the  Halsted  Street 
structure,  and  if  he  were  given  carte  blanche  in  the  designing,  he  would  make  the  following 
improvements: 

"1.  Curve  the  rear  columns  and  arch  the  overhead  girders  at  tops  of  towers,  so  as  to 
improve  the  general  appearance. 

"2.  Operate  by  electricity  instead  of  by  steam. 

"3.  Place  the  machinery-house  in  one  of  the  towers  and  dispense  with  the  operating- 
house  on  the  span,  letting  the  operator  stand  in  a  bow-window  of  the  machinery  house 
so  as  to  command  a  view  of  the  river  in  both  directions. 

"4.  Omit  the  water-tanks  as  an  unnecessary  precaution,  and  rely  on  the  great 
capacity  of  the  electric  motors  to  overcome  any  temporary  unbalanced  load. 

"5.  A  simpler  and  less  expensive  adjustment  at  feet  of  rear  columns. 

"6.  Cast  steel  instead  of  cast  iron  for  all  machinery. 

"7.  Catch  the  balancing  chains  in  buckets  placed  on  top  of  the  span  instead  of 
hanging  them  to  the  counterweights." 

In  the  later  designs  for  vertical  hft  bridges  prepared  by  his  firm,  the 
author  was  persuaded,  rather  against  his  will,  to  omit  the  hydraulic 
buffers  and  the  balancing  chains,  on  the  plea  that  with  electric  power 
these  are  not  necessary;  but  after  an  experience  of  several  years  with 
lifts  in  which  these  two  features  of  his  first  design  were  omitted,  he  has 
decided  to  adopt  them  again  in  some  of  his  future  vertical  lift  bridges. 
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In  large  and  heavy  lift-spans  the  unbalanced  load  of  the  cables  augments 
materially  the  starting  torque  and  adds  considerably  to  the  amount  of 
power  used  per  annum,  besides  increasing  somewhat  the  first  cost  of  the 
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Fig.  31a.     Halsted  Street  Lift  Bridge  over  the  Chicago  River  at  Chicago,  111. 


machinery.  Whether  it  is  good  policy  in  any  particular  case  to  adopt 
the  counter-balancing  chains  is  to  be  determined  by  an  economic  study. 
If  the  annual  interest  on  the  difference  between  the  first  cost  of  the  said 
chains  and  the  saving  in  cost  of  machinery  is  greater  than  the  value  of 
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the  annual  saving  of  power  which  they  effect,  they  should  be  omitted, 
but  otherwise  thej^  should  be  used.  All  depends  upon  the  question  of 
liow  often  the  bridge  is  to  be  operated.  If  it  is  to  be  opened  only  a  few 
times  per  day,  the  additional  expense  would  be  unwarranted;  but  if  it 
is  to  be  used  very  often,  the  saving  of  cost  of  power  may  be  great.  In 
the  Pacific  Highway  Bridge,  designed  by  the  author's  firm  and  now  under 
construction,  the  economic  study  indicated  a  stand-off,  hence  the  chains 
were  omitted,  as  it  was  desirable  to  keep  down  the  initial  cost  of  struc- 
ture to  a  minimum;  but  all  the  Chicago  vertical  lift-spans  should  have 
been  provided  with  the  chains,  as  the  number  of  openings  often  runs  as 
high  as  seventy-five  per  day.  Moreover,  in  some  cases  a  flat  rate  based 
upon  the  peak  load  is  charged  for  the  electric  power — and  in  such  cases 
it  is  evident  that  the  adoption  of  the  detail  for  balancing  the  weight  of 
the  cables  would  be  in  the  hne  of  true  economy. 

Good  and  effective  hydraulic  buffers  that  are  properly  maintained  in 
commission  are  a  wise  precaution  against  accident;  and  they  certainly 
relieve  most  effectively  all  jar  in  bringing  the  span  to  rest. 

For  many  years  after  the  completion  of  the  Halsted  Street  structure 
the  author  endeavored  unsuccessfully  to  build  similar  bridges  at  other 
places,  the  main  reason  for  his  failures  being  that  he  often  ran  into  polit- 
ical and  financial  conditions  of  such  a  nature  that  his  engineer's  conscience 
prevented  his  dealing  with  the  parties  interested. 

In  1894  he  made  plans  for  a  bridge  over  the  Missouri  River  at  Kan- 
sas City,  known  at  first  as  the  Winner  Bridge,  in  which  there  was  a  span 
of  four  hundred  and  twenty-five  feet  carrying  a  lifting  deck;  but  the 
construction  thereof  was  delayed  for  many  years.  The  original  design 
was  described  in  De  Pontibus;  but  it  was  changed  materially  when  the 
bridge  was  built  some  eight  years  ago,  mainly  because  of  the  develop- 
ments that  had  taken  place  in  bridge  designing  in  the  preceding  decade. 
A  description  of  how  the  structure  was  actually  built  will  follow 
presently. 

From  1894  until  1907  no  progress  worth  mentioning  was  made  in  the 
building  of  vertical  lift  bridges,  mainly  for  the  reason  that  the  author's 
patents  prevented  other  engineers  from  entering  the  field,  and  because 
of  his  personal  discouragement  previously  mentioned.  But  soon  after 
the  formation  of  the  firm  of  Waddell  and  Harrington  in  1907,  the  author 
heard  from  good  authority  that  the  changes  made  in  the  machinery  of 
the  Halsted  Street  Bridge  had  converted  it  into  the  most  satisfactorily 
operating  movable  bridge  in  Chicago;  hence  he  and  his  partner  made 
a  joint  study  of  how  to  improve  on  the  design  of  the  Chicago  bridge; 
and  soon  there  came  to  them  a  request  from  F.  W.  Fratt,  Esq.,  C.  E., 
the  new  president  of  the  Union  Depot,  Bridge,  and  Terminal  Railway 
Company,  to  make  a  study  and  estimate  of  cost  for  finishing  the  partially 
constructed  Winner  Bridge,  which  his  company  had  bought  in,  upon  the 
general  lines  described  in  De  Pontibus.    They  did  so,  making  a  number 
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of  changes  in  the  old  design,  the  principal  of  which  were  the  following: 

First.     Adopting  riveted  construction  instead  of  pin-connected. 

Second.  Telescoping  the  hangers  inside  of  the  vertical  posts  of  the 
supporting  trusses  instead  of  letting  them  pass  outside. 

Third.  Using  concrete  instead  of  cast-iron  counterweights  and  plac- 
ing them  at  the  ends  of  the  span  instead  of  at  the  panel  points. 

Fourth.  Operating  from  a  machinery  house  at  each  end  of  the  span 
instead  of  from  a  single  house  at  mid-span,  and  using  wire  ropes  instead 
of  shafting  for  the  transmission  of  power. 

Mr.  Harrington's  extended  experience  in  various  lines  of  mechan- 
ical engineering,  especially  that  obtained  as  engineer  to  the  C.  W.  Hunt 
Company  of  New  York,  enabled  the  firm  to  effect  many  valuable  improve- 
ments in  operation,  not  only  in  this  structure,  but  also  in  other  vertical 
lift  bridges  built  later. 

While  Mr.  Fratt  and  his  clients  were  debating  about  the  advisability 
of  undertaking  the  work  of  building  the  structure,  the  firm  was  retained 
to  rebuild  the  Iowa  Central  Railway  Company's  bridge  across  the  Mis- 
sissippi River  at  Keithsburg,  111.  Bids  were  obtained  upon  both  a  swing 
and  a  vertical  lift,  showing  a  material  economy  for  the  latter,  which  was, 
consequently,  adopted  and  built.  The  span  is  two  hundred  and  thirty- 
four  feet  and  the  maximum  vertical  clearance  fifty-five  feet.  It  carries 
a  single-track  railway  only.  In  its  design  there  is  an  innovation  which 
results  prove  was  not  a  good  one.  The  operating  house  is  placed  at  one 
end  of  the  movable  span  instead  of  at  the  middle.  It  was  so  located 
in  order  to  reduce  the  dead  load  moment  on  the  span,  especially  as  the 
machinery  is  unusually  heavy  on  account  of  the  operation  being  by  gaso- 
line engines.  Such  a  location  was  a  violation  of  a  principle  of  sesthetics. 
viz.,  that  perfect  symmetry  in  a  layout  is  the  acme  of  artistic  designing; 
and  the  result  showed  that  it  was  not  good  practice,  because,  on  account 
of  the  inequality  in  length  of  the  operating  ropes,  the  stretches  therein 
were  unequal,  necessitating  frequent  adjustments,  the  neglect  of  which 
caused  a  jerky  motion  of  the  span  when  being  raised  or  lowered.  The 
defect  is  of  but  little  importance,  nevertheless  its  cause  should  always 
be  avoided  in  future  construction. 

During  the  building  of  the  Keithsburg  Bridge,  a  little  highway  lift 
at  Sand  Point,  Idaho,  was  designed  and  constructed.  It  showed  great 
economy  as  compared  with  a  swing  span. 

Next  came  the  Hawthorne  Avenue  Bridge  over  the  Willamette  River 
at  Portland,  Oregon,  with  a  lift  span  of  two  hundred  and  forty-four  feet 
and  a  vertical  clearance  of  one  hundred  and  thirty-five  feet,  carrying  a 
double-track  street  railway,  two  wagonways,  and  two  footwalks.  Two 
views  of  this  structure  are  shown  in  Figs.  316  and  31c.  It  is  of  the  same 
general  type  as  the  Halsted  Street  Bridge,  except  that  there  is  no  overhead 
span  between  tops  of  towers. 

While  this  structure  was  under  way  Mr.  Fratt  and  his  associates,  after 
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long  deliberation,  decided  to  build  their  bridge;  but  before  they  would 
make  up  their  minds  to  adopt  the  lifting  deck,  they  had  a  large  working 
model  made  of  it  to  scale  and  operated  by  electric  power;  and  although 
this  worked  to  perfection,  they  still  were  not  satisfied  until  they  had  an 
expert  committee  of  civil  and  mechanical  engineers  examine  the  plans, 
specifications,  and  model  and  report  upon  the  efficiency  and  practicability 
of  the  design.  This  committee  was  composed  of  the  following  well-known 
gentlemen:  Thos.  E.  Brown,  Esq.,  C.E.,  of  New  York  City;  S.  B.  Fisher, 
Esq.,  C.E.,  of  St.  Louis;  Prof.  W.  V.  M.  Goss,  of  the  University  of  Illi- 
nois; and  Geo.  W.  Jackson,  Esq.,  of  Chicago.  This  committee  gave  its 
unanimous  approval  to  the  project,  and  the  bridge  was  built.  The  fol- 
lowing is  a  description  of  the  structure,  which  is  shown  with  the  deck 
down  in  Fig.  3ld  and  with  the  deck  up  in  Fig.  31e. 

The  bridge  proper,  i.  e.,  the  portion  between  the  established  harbor 
lines,  and  excluding  the  approaches,  consists  of  three  double-deck,  riveted- 
truss  spans,  providing  on  the  lower  deck  two  standard  railway  tracks, 
and  on  the  upper  deck  two  street  car  tracks  and  separate  roadways  and 
sidewalks  for  vehicular  traffic  and  pedestrians.  To  permit  the  passage 
of  boats,  one  of  the  three  spans  contains  a  lifting  deck,  which  consists  of 
a  double-track  railway  bridge  floor,  the  metal  thereof  being  nickel  steel 
so  as  to  reduce  the  weight  to  be  lifted,  with  a  lateral  system  that  includes 
special  wind  chords,  all  supported  by  stiff  hangers,  also  of  nickel  steel, 
from  each  panel  of  the  upper  trusses.  When  the  deck  is  in  its  lowest 
position,  a  pin  in  the  end  of  each  hanger  rests  on  a  socket  in  diaphragms 
in  the  post  above,  transmitting  the  live  load  directly  to  the  upper  trusses. 
Each  hanger  is  arranged  to  telescope  into  the  truss  post  above,  and  is 
attached  to  two  cables  which  pass  up  and  over  a  sheave  on  the  top  of 
the  truss,  thence  to  the  end  of  the  span  and  over  a  common  drum  at 
one  corner  thereof,  and  thence  downward  to  a  counterweight.  There 
is,  thus,  a  separate  counterweight  for  each  hanger.  Operation  is  effected 
by  rotating  the  four  drums  at  the  upper  corners  of  the  span.  The  two 
drums  at  each  end  are  on  a  single  shaft  which  is  geared  down  to  a  motor. 
In  order  to  synchronize  mechanically  the  movements  of  the  machinery 
at  opposite  ends  of  the  span,  a  double  rope  drive  is  provided  connecting 
the  two  sets  of  machinery.  A  full-size  model  of  this  drive  was  made 
and  tested  by  the  engineers  before  the  design  was  adopted,  in  order  to 
satisfy  the  projectors  of  the  enterprise  that  it  would  work  satisfactorily. 
The  counterweights  for  the  rope  drives  are  arranged  so  that  one  rope 
is  taut  for  driving  in  each  direction.  Under  ordinary  operation  both 
motors  are  in  service;  but,  should  one  motor  fail,  the  entire  deck  can 
be  handled  by  the  motor  at  the  opposite  end  through  this  rope  drive. 

When  the  deck  reaches  its  lowest  position,  locks  automatically  en- 
gage each  hanger  and  the  ends  of  the  deck.  All  locks  are  withdrawn 
by  one  operation  by  means  of  a  motor  and  gears  in  the  south  machinery 
house. 
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In  addition  to  the  manifest  advantage  of  maintaining  traffic  on  the  upper 
deck  at  all  times  regardless  of  the  movement  of  boats,  this  movable  deck 
afforded  large  economies  in  construction,  and  it  will  afford  also  similar 
economies  in  operation. 

The  vertical  clearance  when  the  deck  is  raised  to  its  full  height  is 
fifty-five  feet  above  high  water,  and  the  horizontal  clearance  for  vessels 
is  four  hundred  and  thirteen  feet,  the  overhead  through  span  and  the 
two  adjoining  deck  spans  being  each  four  hundred  and  twenty-five  feet 
long.  The  reason  for  the  excessively  great  horizontal  clearance  is  that 
the  superstructure  is  built  on  old  piers  that  had  been  standing  in  the 
river  for  nearly  two  decades. 

The  lifting  deck,  which  weighs  one  and  a  half  million  pounds,  is  fully 
balanced  by  the  counterweights  and  is  always  locked  douTi  when  in  ser- 
vice. It  is  raised  to  its  full  height  or  is  lowered  in  fifty  seconds  by  electric 
power.  The  total  cost  of  the  bridge  and  its  approaches  was  $2,200,000. 
The  total  weight  of  metal  was  over  eighteen  thousand  tons,  and  a  number 
of  the  pieces  handled  weighed  over  one  hundred  tons  each.  There  were 
some  twenty-five  miles  of  rivet  holes  reamed  in  the  field  and  about  half 
a  million  field  rivets  were  driven.  The  amount  of  paint  used  on  the 
metalwork  was  fifty  tons. 

The  next  structure  containing  a  lift  span  built  by  the  author's  firm  was 
the  Arkansas  River  Bridge  between  the  cities  of  Fort  Smith  and  Van 
Buren,  Arkansas.  As  can  be  seen  from  Figs.  31/  and  Slgr,  it  contains  nine 
spans  all  alike,  one  of  them  being  lifted  so  as  to  give  the  usual  vertical 
clearance  requirement  of  about  fifty  feet.  It  carries  a  railway,  street 
railway,  and  vehicular  and  pedestrian  traffic.  The  distinctive  feature 
of  this  structure  is  that  it  is  arranged  so  that  should  ever  the  channel 
shift  permanently,  the  towers  and  machinery  can  be  taken  down,  moved, 
and  re-erected  so  as  to  lift  any  of  the  other  spans. 

Next  came  the  highway  bridge  at  Tehama,  Cahfornia,  a  compara- 
tively small  structure  containing  no  special  features;  and  this  was  fol- 
lowed by  the  little  M.  L.  and  T.  bridge,  Figs.  31/i  and  3h',  which  has 
been  adopted  as  a  standard  for  its  small  bayou  crossings  by  the  Southern 
Pacific  Railway  Company.  It  is  operated  by  one  man,  as  it  is  not  opened 
often. 

Next  in  order  came  the  great  Oregon-Washington  Railroad  &  Navi- 
gation Company's  bridge,  at  Portland,  Oregon,  carrying  traffic  just  like 
that  of  the  Fratt  Bridge,  but  with  the  difference  that  the  overhead  span, 
instead  of  being  fixed,  was  made  movable  so  as  to  permit  the  passage 
beneath  of  the  largest  ocean-going  vessels.  Like  the  Fratt  Bridge,  the 
main  portion  of  the  structure  consists  of  three  spans,  but  the  total  length 
of  them  is  only  seven  hundred  and  ninety-six  feet^  that  of  the  movable 
one  being  two  hundred  and  twenty  feet. 

In  Figs.  Slj,  31/e,  and  31/  is  shown  the  structure  in  its  three  principal 
positions,  viz. :   first,  with  both  the  movable  span  and  the  movable  deck 
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down  and  taking  care  of  the  traffic  above  and  below;  second,  with  the 
movable  span  in  commission  for  highway  traffic,  but  wdth  the  deck  be- 
neath raised  to  its  full  height  so  as  to  permit  the  passage  of  small  steamers; 
and  third,  with  both  the  movable  span  and  the  movable  deck  raised  to 
their  greatest  height  so  as  to  provide  for  the  passage  of  the  tallest-masted 
ocean-going  vessels  that  enter  the  port.  Fig.  31m  has  been  added,  as  it 
gives  an  excellent  view  of  almost  the  entire  structure,  approaches  included. 
Attention  is  called  to  the  height  of  the  water,  the  photograph  having 
been  taken  at  its  maximum  stage. 

The  distinguishing  features  of  the  structure  are  its  unusually  heavy 
construction  and  the  method  of  lifting  the  two  decks  of  the  movable 
span  either  together  or  separately.  The  upper  deck  was  designed  to  carry 
the  heaviest  possible  city  traffic,  including  pedestrians,  electric  railway 
cars,  road-rollers,  and  lorries;  and  the  lower  deck  to  care  for  the  heaviest 
locomotives  and  cars  used  on  the  Harriman  system.  The  movable  span 
is  a  through  one  for  highway  traffic,  while  the  two  flanking  spans  are 
through  for  railway  traffic  and  deck  for  highway  traffic.  The  lift  span 
rests  on  columns  placed  on  the  piers.  The  lower  deck  has  a  clearance 
of  twenty-six  feet  above  low  water  and  one  of  only  five  feet  above  high 
water,  the  base  of  rail  being  six  feet  higher.  The  upper  deck  is  fifty-two 
and  a  half  feet  above  the  lower  deck.  The  latter  has  a  separate  lift  of 
forty-six  feet,  making  a  clear  height  of  seventy-two  feet  above  low  water, 
or  fifty-one  feet  above  high  water,  without  moving  the  upper  deck.  The 
latter  has  a  lift  of  ninety-three  feet,  so  that  when  hoisted  "with  the  lower 
deck  also  in  raised  position,  the  total  lift  of  the  lower  deck  is  one  hun- 
dred and  thirty-nme  feet,  and  the  total  clearance  is  one  hundred  and 
sixty-five  feet  above  low  water  and  one  hundred  and  forty-four  feet  above 
high  water.  This  clears  the  highest-masted  vessels  entering  Portland. 
When  the  lower  deck  alone  is  lifted,  all  but  the  largest  steamboats  plying 
the  river  can  pass  at  ordinary  stages  of  water.  The  vertical  lift  span 
is  much  the  heaviest  of  that  type  thus  far  built,  the  total  load  lifted,  in- 
cluding counterweights,  amounting  to  nearly  nine  million  pounds.  The 
towers  are  about  two  hundred  and  seventy  feet  high  above  low  water. 

The  main  or  upper  deck  is  lifted  at  each  corner  by  sixteen  steel  cables, 
two  and  a  quarter  inches  in  diameter,  passing  over  a  sheave  fourteen  feet 
in  diameter.  Each  sheave  weighs  twenty-four  tons;  but  as  the  boxes 
were  attached  before  hoisting,  the  weight  to  be  lifted  was  thirty-five  tons. 
These  main  sheaves  rest  on  heavy  sheave  girders  between  the  tower  posts. 

In  each  tower  there  is  a  single  main  counterweight  made  of  concrete 
weighing  over  one  million  seven  hundred  thousand  pounds,  the  over-all 
dimensions  being  forty  feet  height,  thirty  feet  width,  and  ten  feet  thick- 
ness. These  coimterweights  were  constructed  in  place  around  a  steel 
framework.  At  the  corners  are  projecting  guides  that  engage  the  fixed 
guides  on  the  tower.  The  lower  deck  has  separate  counterweights  that 
were  cast  in  sections  on  the  main  deck  and  after  hardening  were  trans- 


Fig.  31/i.     Vertical  Lift  Bridge  over  the  Big  Choctaw  Bayou,  Louisiana,  on  the  Line 
of  the  M.  L.  and  T.  R.  R.  &  S.  S.  Co.— Span  Down 


Fig.  31i.     Vertical  Lift  Bridge  over  the  Big  Choctaw  Bayou,  Louisiana,  on  the  Line 
of  the  M.  L.  and  T.  R.  R.  &  S.  S.  Co.— Span  Up. 


Fig.  31;.    O.-W.  R.  R.  and  N.  Co.'s  Bridge  over  the  Willamette  River  at  Portland, 
Ore. — Lifting  Deck  and  Lifting  Span  Down. 


Fig.  31fc.     O.-W.  R.  R.  and  N.  Co.'s  Bridge  over  the  Willamette  River  at  Portland, 

Ore. — Lifting  Deck  Up. 


Fig.  31Z.     O.-W.  R.  R.  and  N.  Co.'s  Bridge  over  the  Willamette  River  at  Portland, 
Ore. — Lifting  Deck  and  Lifting  Span  Up. 
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ported  to  the  towers  and  raised  into  position.  In  order  to  keep  the  proper 
adjustment  between  span  and  counterweights  there  were  provided  a  large 
number  of  concrete  blocks  one  cubic  foot  in  size.  These  can  be  added 
to  the  counterweights  as  required.  The  total  weight  of  the  lower  deck 
and  its  attachments  is  over  one  milUon  pounds,  which,  of  course,  is  also 
that  of  the  balancing  counterweights. 

The  operating  machinery  is  placed  in  a  house  on  the  top  of  the  mov- 
able span  and  at  its  mid-length,  covering  the  full  width  between  trusses. 
The  operator's  room  is  suspended  beneath  this  house,  so  that  he  can  ob- 
serve the  main  deck  traffic  as  well  as  the  river  traffic.  The  machinery 
for  operating  the  lower  deck  is  driven  by  two  electric  motors  of  two  hun- 
dred horse-power  each,  placed  on  the  down-stream  side  of  the  house,  and 
that  for  the  upper  deck  by  two  similar  motors  located  on  the  upstream 
side  thereof.  In  the  operator's  room  is  placed  the  mechanism  for  locking 
and  unlocking  both  the  lifting  span  and  the  lifting  deck.  The  cams  for 
holding  down  the  lower  deck  lock  automatically;  but  they  are  unlocked 
by  a  special  mechanism  driven  by  a  small  motor.  The  main  deck  also 
locks  automatically,  but  it  is  released  by  the  operator's  turning  a  wheel. 

The  erection  of  the  superstructure  was  a  most  formidable  task,  because 
the  channel  had  to  be  kept  open  at  all  times  for  the  passage  of  boats, 
including  high-masted  sailing  vessels.  The  immense  weight  of  the  mov- 
able span,  the  fact  that  it  was  to  rest  on  columns  high  above  the  water, 
and  the  swiftness  of  the  current  made  it  seem  to  the  contractor  too  dif- 
ficult to  build  the  span  on  scows  and  float  it  into  place,  as  was  done  on  the 
Hawthorne  Avenue  lift  bridge  over  the  same  river  some  two  miles  dis- 
tant where  the  conditions  were  less  onerous.  It  was,  therefore,  necessary 
to  erect  the  movable  span  at  its  full  height,  supporting  it  by  four  wooden 
Howe  trusses.     The  total  cost  of  the  structure  was  $1,700,000. 

Figs.  3 In  and  31o  are  photographic  views  of  the  City  Waterway  Bridge 
in  the  city  of  Tacoma,  Wash.  Its  peculiar  features  are  the  unusually  great 
height  of  the  deck  above  the  water  and  the  overhead  span  for  carrying 
water  pipes.  It  will  be  noticed  that  the  structure  is  on  a  grade.  The 
Puyallup  River  Bridge  located  only  a  few  blocks  away  is  quite  similar 
in  type  but  of  shorter  span  and  narrower  roadway. 

Fig.  31p  is  a  reproduction  of  a  photograph  of  the  Pennsylvania  Railroad 
Bridge  over  the  South  Branch  of  the  Chicago  River  in  the  city  of  Chicago. 
It  is  built  on  quite  a  skew,  necessitating  vertical  rear  legs  in  the  towers. 
The  length  of  span  is  two  hundred  and  seventy-two  feet.  It  is  a  double- 
track  structure,  and  some  three  hundred  trains  cross  it  daily.  It  is  opened 
on  the  average  about  seventy-five  times  per  day  during  most  of  the  navi- 
gation season.  This  structure  is  designed  for  a  possible  future  24-foot 
raising  of  the  grade  line. 

Fig.  31^  is  a  view  of  another  Pennsylvania  Railroad  Bridge,  crossing 
the  Calumet  River  in  South  Chicago.  Strictly  speaking,  there  are  two 
bridges,  one  being  located  close  alongside  the  other,  and  each  carrying 


Fig.  31/i.     Bridge  over  the  City  Waterway  at  Tacoma,  Wash. — Lifting  ISpan  Down. 


Fia.  31o.    Bridge  over  the  City  Waterway  at  Tacoma,  Wash. — Lifting  Span  L^p. 
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a  double  track.  The  skew  is  about  the  same  as  in  the  bridge  last  described, 
but  the  span  length  is  only  two  hundred  and  ten  feet.  In  the  rear  of  the 
left-hand  tower  will  be  seen  a  Strauss  bascule  bridge  in  open  position. 


Fig.  31p.    Pennsylvania  R.  R.  Co.'s  Bridge  over  the  South  Branch  of  the  Chicago 

River,  Chicago,  111. 
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Fig.  3I5.     Pennsylvania  R.  R.  Co.'s  Bridge  over  the  Calumet  River,  South  Chicago,  111. 


In  Engineering  Neivs,  Vol.  G8,  p.  1056,  will  bo  found  a  description  of  the 
Columbia  River  Bridge  at  Trail,  British  Columbia,  together  with  the  lay- 
out and  a  photographic  view  of  the  structure.  Its  peculiarity  is  that  the 
towers  and  the  machinery  have  been  temporarily  omitted,  as  at  present 
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there  is  no  steamboat  traffic  on  the  river  at  that  place;  but  the  complete 
plans  are  dra\\ii  for  the  said  towers  and  machinery,  and  the  steelwork  is 
all  arranged  even  to  the  open  rivet-holes  for  attaching  the  new  construc- 
tion at  any  time  in  the  future  so  as  to  pick  up  either  of  the  two  interme- 
diate spans. 

The  Lake  Shore  and  Michigan  Southern  Railway  Bridge  over  the 
Calumet  River  in  South  Chicago  is  very  similar  to  the  Pennsylvania  Rail- 
road Company's  Bridge  for  the  same  crossing,  described  previously.  At 
first  the  L.  S.  &  M.  S.  Co.  intended  to  build  a  four-track  lift  span,  and 
the  plans  were  prepared  accordingly;  but  later  they  decided  to  follow 
tlie  lead  of  the  P.  R.  R.  Co.  and  build  two  bridges  close  together,  the 
object  being  to  provide  for  a  possible  break-down.  Their  tracks  at  each 
end  are  so  arranged  that  the  traffic  can  be  switched  from  either  bridge 
to  the  other. 

Figs.  31r  and  31s  illustrate  the  Yellowstone  River  Bridge  on  the  line 
of  the  Great  Northern  Railway.  It  is  located  a  short  distance  above 
the  junction  of  that  river  with  the  Missouri  in  Montana,  and  there  is 
a  similar  structure  over  the  latter  a  few  miles  away.  These  lift  spans 
have  lengths,  respectively,  of  two  hundred  and  seventy-five  and  three 
hundred  feet.  The  Missouri  River  lift-span  is  the  longest  yet  built,  and 
in  fact  the  clear  opening  is  the  largest  in  the  world  for  opening  bridges, 
barring  only  the  Fratt  Bridge  at  Kansas  City,  where,  as  explained  pre- 
viously, the  determination  of  opening  was  fixed  in  advance  by  the  exist- 
ing piers  of  an  unfinished  structure.  It  does  not  seem  logical  for  the 
War  Department  to  require  such  large  openings  in  Missouri  River  bridges 
near  the  head  of  navigation  thereon,  while  much  smaller  openings  have 
been  permitted  everywhere  else  below;  but  such  was  the  case,  and  the 
railroad  company  and  their  consulting  engineers  could  do  naught  else 
but  comply  with  the  law. 

Figs.  31i  and  31w  show  the  Black  River  Bridge  on  the  line  of  the  Louisi- 
ana and  Arkansas  Railway  in  Arkansas.  Its  lift  span  is  one  hundred  and 
sixty-three  feet  long,  and  the  vertical  clearance  is  the  usual  fifty  feet. 
Figs.  31y  and  Slw  illustrate  the  bridge  over  the  Little  River  on  the  same 
line  of  railway  in  the  same  state.  Its  movable  span  is  one  hundred  and 
eighteen  feet  long.  Attention  is  called  to  the  symmetry  of  the  layout 
for  this  structure  and  to  the  dolphins  employed  for  protecting  the 
piers. 

Figs.  31rc  and  31i/  show  a  photograph  of  the  Salem,  Falls  City,  and 
Western  Railway  Bridge  over  the  Willamette  River  at  Salem,  Oregon, 
The  length  of  the  movable  span  is  one  hundred  and  thirty-one  feet.  In 
one  view  the  span  is  shown  rising  as  a  steamer  is  approaching;  and  the 
picture  indicates  how  close  to  a  vertical  lift  it  is  permissible  to  run  a  vessel 
before  raising  is  begun.  In  some  of  the  Chicago  bridges  which  have  to 
be  opened  often  and  over  which  pass  daily  many  trains,  the  steamers  are 
allowed  to  come  very  close,  indeed,  to  the  structure  before  hoisting  is 
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started;   and  the  lowering  is  begun  before  the  vessel  has  actually  passed 
the  bridge  tangent. 

In  Fig.  3l2  is  given  a  profile  of  a  bridge  over  the  Don  River  at  Ros- 
toff,  Russia,  the  movable  span,  towers,  and  machinery  of  which  were 


Fig.  31w.     Louisiana  &  Arkansas  Railway  Bridge  over  Little  River  in  Louisiana. 

Lifting  Span  Down. 


Fig.  31  u;.     Louisiana  &  Arkansas  Railway  Bridge  over  the  Little  River  in  Louisiana.- 

Lifting  Span  Up. 


designed  by  the  author's  firm,  the  flanking  spans  having  been  designed 
by  the  bridge  engineers  of  the  Russian  Government.  The  length  of  the 
moving  span  is  two  hundred  and  ten  feet  and  that  of  each  flanking  span 
three  hundred  and  seventy-seven  feet.  Attention  is  called  to  the  unusu- 
ally great  curvature  of  the  rear  legs  of  the  towers,  adopted  so  as  to  con- 
form to  the  decided  curvature  that  exists  in  the  top  chords  of  the  flank- 


Fig.  31x.    Salem,  Falls  City,  and  Western  Railway  Bridge  over  the  Willamette  River 
at  Salem,  Oregon. — Lifting  Span  Down. 


Fig.  31y.    Salem,  Falls  City,  and  Western  Railway  Bridge  over  the  Willamette  River 
at  Salem,  Oregon. — Lifting  Span  Up. 
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ing  spans.     This  structure  is  now  under  construction.     It  is  to  be  operated 
by  electricity. 

In  Fig.  'Slaa  there  is  shown  a  portion  of  the  long,  deck,  plate-girder 
bridge  over  the  North  Thompson  River  near  Kamloops,  B.  C,  with  its 


Fig.  Slaa.     Canadian  Northern  Pacific  Railway  Bridge  over  the  North  Thompson 

River  in  British  Columbia. 


lifting  towers  and  machinery,  all  of  which  can  be  shifted  at  any  time  so 
as  to  pick  up  any  one  of  the  numerous  spans  that  were  made  alike  mainly 
for  this  purpose. 

In  Fig.  3166  is  illustrated  a  half -through,  plate-girder  bridge  over  the 
Oromocto  River  on  the  line  of  the  St.  John  and  Quebec  Railway  in  New 
Brunswdck,  with  its  lifting  span  and  towers,  which  it  will  be  noticed  are 
of  a  different  type  from  those  shown  in  Fig.  31aa,  because  of  there  being 
no  necessity  for  rear  columns  and  bracing. 

In  addition  to  the  types  of  vertical  lift  bridges  covered  by  the  patents 
of  the  author  and  those  of  his  firm,  both  Mr.  Strauss  and  Mr.  Rail  have 
lately  patented  vertical  lifts  operating  like  their  patented  bascules  but 
lifting  at  both  ends  of  the  span  instead  of  at  one.  These  are  certainly 
more  expensive  than  the  vertical  lifts  herein  described,  as  was  proved  in 
one  case  in  the  author's  practice  by  detailed  comparative  estimates  made 
by  his  firm's  computing  force. 

In  the  following  table  are  given,  as  nearly  as  may  be  in  chronological 
order,  the  various  vertical  lift  spans,  designed  and  engineered  by  the  au- 
thor and  his  firm,  together  wdth  their  general  dimensions,  load  to  raise 
and  lower,  and  height  raised,  including  four  small  ones  designed  by 
contractors  and  checked  by  the  firm's  computers. 


744 


BRIDGE   ENGINEERING 


Chapter  XXXI 


Bridge 


Distance 
e  to  c  of 
Trusses 
in  Feet 

Length  of 
Lift  Span 
in  Feet 

40 

130 

17.7 

229 

18 

83 

23.3 

244 

32 

425 

24.5 

192 

21.8 

167 

16.3 

50 

34 

211 

34 

211 

53.3 

214 

43.3 

161 

31.3 

210 

21 

171 

17.3 

lis 

17.3 

165 

17.3 

162 

18.3 

173 

19.2 

140 

29.5 

273 

17 

200 

17.5 

131 

18.2* 

90 

21.8 

189 

31 

210 

15 

75 

17.7 

296 

19 

83 

17.7 

271 

18 

155 

17.5 

58 

30.6 

210 

18.5 

92 

41 

272 

oii  s 

J5.a 

600,000 
940,000 

140 

48 

60,000 
1,770,000 
1,560,000 
1,500,000 

50 

116 

43 

50 

266,000 

69,000 

3,420,000 

1,060,000 

63 
43 

89 

46-89 

1,640,000 

78 

943,000 

115 

1,837,000 

101 

266,000 

50 

380,000 
620,000 
620,000 
698,000 
120,000 
3,006,000 

44 
56 
73 
43 
25 
114 

656,000 

63 

462,000 
236,000 
850,000 

54 
56 
56 

1,410,000 

101 

200,000 

50 

1,560,000 

43 

78,600 
1,370,000 

30 
43 

112,000 
147,000 

1,600,000 
218,000 

2,400,000 

25 
59 

131 
53 

139 

Remarks 


1.  HalstedSt 

2.  Keithsburg , 

3.  Sand  Point 

4.  Hawthorne  Ave 

5.  Mo.  River,  K.  C 

6.  Arkansas  River 

7.  Tehama 

8.  M.L.  &T.  Ry 

Q  j  O.W.R.R.&N.— U.D 
^-  I  O.W.R.R.&N.— L.D. 

10.  City  Waterway    at  ) 

Tacoma ) 

11.  Puyallup   River    at  ) 

Tacoma ) 

12.  Penn.  No.  443 

13.  Trail 

14.  Little  River 

15.  Black  River 

16.  St.  Francis  River 

17.  111.  River 

18.  Red  River  of  North.. 

19.  Penn.  No.  458 

20.  Harrisburg 

21.  Salem 

22.  C.N.P.R.R.No.lO.... 

23.  St.  Paul 

24.  L.S.&M.S.R.R.N0.6. . 

25.  International  Falls.  . . 

26.  Mo.Riv.G.N.Ry 

27.  Grand  Rapids 

28.  Yellowstone 

29.  Oslo,  Minn 

30.  Oromocto 

31.  Don  River 

32.  Caddo  Lake 

33.  Pacific  Highway 


Spans    Interchangeable 

for  Lifting 
Small  Highway  Bridge 

Lifting  Deck  Only 
Spans     Interchangeable 
for  Lifting 

Plate-Girder    Lift-Span 
Upper  Deck 
Lower  Deck 

Carries      Water      Pipe 

Overhead 
Carries      Water      Pipe 

Overhead 
Two  Bridges  Like  This 

Close  Alongside 
Towers  and  Machinery 

Omitted  Temporarily 


Light  Highway  Span 
To    be    Duplicated    in 
Future 


Plate-Girder    Lift-Span 

Two  Bridges  Like  This 

Close  Alongside 
Light  Highway  Span 
Spans    Interchangeable 

for  I;ifting 
Light  Highway  Span 
Spans    Interchangeable 

for  Lifting 
Light  Highway  Span 
Plate-Girder  Lift-Span 
Under  Construction 
Small  Highway  Bridge 
Under  Construction 


*  Width  of  towers. 


The  vertical  lift  bridges  thus  far  constructed  as  listed  above  may  be 
divided  into  three  general  types,  viz. : 

A.  Those  in  which  the  whole  span  is  raised. 

B.  Those  in  which  a  deck  only  is  raised  up  to  an  overhead  fixed  span. 

C.  Those  in  which  a  deck  is  raised  to  an  overhead  movable  span, 
which  also  can  be  raised  to  clear  high-masted  vessels. 

Class  A  may  be  subdivided  into  the  following  groups: 
a.  Those  structures  in  which  there  is  an  overhead  span. 
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h.  Those  structurps  in  which  there  is  no  overhead  span. 

Those  in  Group  "a"  may  be  still  further  divided  thus: 

Alpha.  Where  the  supports  consist  of  four  columns  with  trusses 
between  their  tops,  and 

Beta.     Where  the  supports  consist  of  towers  braced  on  four  faces. 

Those  in  Group  "6"  also  may  be  subdivided  thus: 

Gamma.  Where  the  rear  columns  of  the  towers  are  inclined  and  where 
there  is  a  main  sheave  at  each  of  the  four  corners,  and 

Delta.     W^here  the  rear  columns  of  the  towers  are  vertical  and  where 


(^  t 


Fig.  3166.    St.  John  and  Quebec  Railway  Bridge  over  the  Oromocto  River 

in  New  Brunswick. 


there  are  eight  sheaves  in  all,  one  over  each  of  the  four  columns  of  each 
tower. 

The  Halsted  Street  Bridge  (Fig.  31a)  and  the  Hawi,horne  Avenue 
Bridge  (Figs.  31&  and  31c)  represent  Class  A;  the  Fratt  Bridge  (Figs. 
2)\d  and  31e)  illustrates  Class  B;  and  the  Oregon-Washington  Railway 
and  Navigation  Company's  Bridge  (Figs.  31j,  3U',  31/,  and  31w)  is  an 
example  of  Class  C. 

Group  "a"  is  represented  by  the  Tacoma  City  Waterway  Bridge 
(Figs.  31n  and  31o)  and  by  the  M.  L.  &  T.  (Southern  Pacific)  Railway 
Bridge  (Figs.  31/i  and  31/),  and  Group  "6"  by  the  Hawi:home  Avenue 
Bridge  (Figs.  316  and  31c),  and  the  Fort  Smith- Van  Buren  Bridge  (Figs. 
31/and31g). 

The  Alpha  subdi\asion  is  exempUfied  by  the  M.  L.  &  T.  Ry.  Bridge 
(Figs.  Z\h  and  31t),  Beta  by  the  Halsted  Street  Lift  Bridge  (Fig.  31a), 
Gamma  by  the  Rostoff  Bridge  over  the  River  Don  in  Russia  (Fig.  3l2), 
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and  Delta  by  the  two  Pennsylvania  Railroad  bridges  in  Chicago  (Figs. 
Sip  and  31$). 

Before  drawing  this  chapter  to  a  close  it  is  necessary  to  sound  a  note 
of  warning  to  the  computer  who  makes  the  calculations  for  a  hft-span 
that  has  cantilever  brackets,  in  relation  to  the  effect  of  a  live  load  on 
one  cantilever  only.  In  an  ordinary  span  of  this  type  the  uplift  at  the 
corner  due  to  the  overturning  moment  of  the  live  load  on  the  bracketed 
portion  is  resisted  by  the  dead  load  reaction  there;  but  in  the  case  of 
the  lift-span  there  is  no  such  reaction;  consequently,  there  is  nothing  to 
resist  the  said  overturning  effect  except  the  unbalanced  load  of  the  cables 
(if  any),  the  starting  friction  of  the  sheave-journals,  and  the  holding- 
down  power  of  the  operating  ropes  and  bridge  locks.  For  ordinary  cases 
where  only  narrow  sidewalks  are  cantilevered  from  a  wide  deck,  this 
overturning  moment  may  be  ignored;  but  where  either  the  street  rail- 
way tracks  or  the  wagonways  are  cantilevered,  as  in  the  case  of  the  Haw- 
thorne Avenue  Bridge,  some  effective  means  of  resisting  this  overturning 
moment  must  be  provided.  In  that  case  cantilever  brackets  from  the 
substructure  were  put  on  so  as  to  furnish  at  their  end  bearings  for  re- 
ceiving the  extremities  of  the  end  cantilever  brackets  of  the  lifting  span. 

The  true  economy  of  the  vertical  lift  bridge  as  compared  with  both 
the  swing  span  and  the  bascule  is  proved  beyond  the  peradventure  of  a 
doubt  by  the  thirty  or  more  structures  listed  and  described  above.  The 
type  has  come  to  stay;  and  it  will  continue  to  be  used  more  and  more 
as  time  goes  on;  for  not  only  is  it  inexpensive  in  first  cost,  comparatively 
speaking,  but  it  is  also  simple,  rigid,  easy  to  operate,  and  economical 
of  power.  It  has  met  with  considerable  opposition  up  to  the  present 
time,  mainly  from  the  owners  of  bascule  patents;  but  it  has  overcome 
that  opposition  most  satisfactorily  and  unequivocally,  consequently  the 
future  of  the  type  may  be  counted  upon  as  assured. 


CHAPTER  XXXII 

RIVETED   VERSUS   PIN-CONNECTED   TRUSSES 

For  more  than  a  quarter  of  a  century  there  has  been  a  desultory  con- 
troversy in  the  technical  press  concerning  the  relative  merits  of  riveted 
and  pin-connected  bridges.  At  first  the  division  of  opinion  was  between 
English  and  American  engineers,  but  later  the  dissension  took  place  among 
the  engineers  of  the  United  States.  In  spite  of  all  the  discussion  that 
was  evolved,  no  conclusion  was  reached  as  to  which  of  the  two  types 
was  preferable;  and,  truth  to  tell,  in  the  old  days  both  types  were  so 
exceedingly  faulty  that,  when  one  now  looks  back  over  the  controversy, 
he  is  forced  to  the  conclusion  that  both  sides  were  wrong.  Time  has 
finally  settled  the  question  by  showing  that  each  type  has  its  place  in 
good  construction,  riveted  trusses  being  preferable  for  short  spans  and 
pin-connected  trusses  for  long  ones;  but  the  dividing  span  length  ap- 
pears to  have  been  and  still  is  a  changing  quantity — increasing  as  time 
goes  on.  Twenty-five  years  ago  it  was  about  one  hundred  (100)  feet, 
while  today  a  consensus  of  opinion  of  the  best  authorities  would  prob- 
ably place  it  between  two  hundred  and  fifty  (250)  and  three  hundred  and 
fifty  (350)  feet.  The  author  has  built  several  riveted  spans  of  unusu- 
ally heavy  construction,  as  long  as  four  hundred  and  twenty-five  (425) 
feet,  and  there  are  today  several  still  longer  ones  contemplated  and  even 
under  way. 

The  disadvantages  of  the  old  type  of  riveted  spans  were  as  follows: 

First.  They  were  lattice  or  multiple-intersection  bridges,  involving 
on  that  account  considerable  ambiguity  of  stress  distribution. 

Second.  Their  connections  were  exceedingly  clumsy,  crude,  unscien- 
tific, and  ofttimes  weak. 

Third.  The  weights  of  metal  required  for  their  manufacture  were 
excessive. 

Fourth.  The  secondary  stresses  involved  were  great;  but  as  very 
little  was  kno\\Ti  in  those  days  concerning  their  importance,  they  were 
ignored. 

Fifth.  Where  there  was  a  possibility  of  washout  during  erection,  the 
riveted  structures  involved  more  risk  of  disaster  than  did  the  pin-con- 
nected ones,  because  of  the  longer  time  required  to  couple  up  and  make 
safe. 

The  advantages  of  this  old  type  were: 

First.     The  deflections  and  vibrations  were  comparatively  small. 

Second.     In  case  of  the  derailment  of  a  train  upon  a  riveted-lattice 
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span  its  chance  of  escaping  collapse  was  greater  than  that  of  a  correspond- 
ing pin-connected  span  under  like  conditions. 

The  disadvantages  of  the  old  type  of  pin-connected  spans  were: 

First.     They  were  light  and  vibratory. 

Second.     Their  connections  were  unscientific  and  often  weak. 

The  advantages  of  this  old  type  were: 

First.  The  central  pin-connections  generally  avoided  ambiguity  of 
stress  in  truss  members. 

Second.  The  weights  of  metal  involved  in  their  manufacture  were 
comparatively  small — in  fact,  generally  too  small  for  good  construction 
and  satisfactory  operation. 

Third.  The  secondary  stresses  were  usually  low,  owing  to  the  free- 
dom for  motion  at  the  ends  of  most  of  the  main  members. 

Fourth.  The  time  required  for  erection  was  comparatively 
small. 

The  modern  riveted  truss,  when  used  for  spans  of  ordinary  length, 
involves  practically  all  of  the  good  points  of  both  the  old  riveted  and  the 
old  pin-connected  trusses  with  but  few  of  their  disadvantages.  In  appear- 
ance it  is  similar  to  the  old  pin-connected  truss,  from  which  it  was  evolved 
by  substituting  stiff  members  for  eyebars  and  riveted  connections  for  pins 
(excepting  only  that,  at  the  end  panel  points  of  the  bottom  chord,  pins 
are  employed  to  connect  the  truss  as  a  whole  to  the  pedestals) .  This  type 
of  truss  involves  no  ambiguity  of  primary  stress  distribution  except  in  the 
mid-panel  of  trusses  having  an  odd  number  of  panels,  where,  of  necessity, 
two  intersecting  stiff  diagonals  are  employed;  and  in  that  case  the  am- 
biguity is  of  minor  importance,  being  confined  to  the  said  two  stiff  diag- 
onals. The  appearance  of  this  truss  is  good — ^just  as  good  as  and  more 
substantial  looking  than  that  of  a  corresponding  pin-connected  truss. 
The  weight  of  metal  which  it  requires  is  but  little,  if  any,  greater  than 
that  needed  for  a  similar  pin-connected  truss.  The  deflections  are  smaller 
than  those  of  either  of  the  two  old  types  of  truss  herein  referred  to,  and 
the  vibrations  are  as  small  as  it  is  practicable  to  make  them  by  any  sys- 
tem of  trussing.  The  chance  of  successfully  resisting  disaster  from  a 
derailed  train  is  far  better  than  that  for  a  corresponding  pin-connected 
structure,  and  nearly  as  good  as  that  for  one  of  the  old  lattice  girders. 
But,  unfortunately,  the  secondary  stresses  still  remain  large,  although  far 
smaller  than  those  in  the  old  lattice  girders  with  their  eccentric  connec- 
tions. Such  secondary  stresses  as  remain  are  due  to  the  rigidity  of  the 
connections  and  not  to  faulty  intersections  nor  to  unbalanced  sectional 
areas  of  main  members. 

Although  modem  riveted  truss  bridges  often  weigh  a  little  more  than 
the  corresponding  pin-connected  truss  bridges,  the  pound  price  for  their 
manufacture  is  a  trifle  smaller;  but  this  is  offset  more  or  less  by  the 
fact  that  the  erection  of  riveted  structures  is  somewhat  more  expensive 
than  that  of  similar  pin-connected  ones.     On  the  whole,  there  is  today 
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for  ordinary  spans  but  little  difference  in  total  cost  of  completed  bridges 
between  riveted  and  pin-connected  structures. 

As  for  the  possibility  of  loss  of  structure  from  wash-out  during  erec- 
tion, the  modern  riveted  truss  bridge  has  so  few  panels  and  connections, 
and  the  use  of  pneumatic  riveters  has  so  reduced  the  time  required  for 
riveting  that  the  danger  involved  by  adopting  riveted  instead  of  pin 
connections  is  a  matter  which  can  generally  be  ignored. 

Kigidity  is  such  an  important  feature  in  modern  railroad  bridges  with 
their  heavy  and  rapidly  passing  live  loads  that  the  leading  bridge  en- 
gineers of  America  now  adopt  riveted  trusses  almost  invariably  for  short 
spans  and  for  those  of  moderate  length.  The  longer  the  span  the  greater 
is  the  economy  of  both  metal  and  cost  of  erection  for  the  pin-connected 
type  of  construction,  especially  when  the  secondary  stresses  are  given 
due  consideration.  The  author  believes  that  for  present  conditions  it  is 
better,  generally,  to  limit  the  length  of  span  for  riveted  truss  bridges 
to  about  four  hundred  and  fifty  (450)  feet,  due  cognizance  being  taken 
of  the  fact  that  the  heavier  the  structure  the  shorter  should  be  the  limiting 
span  length  for  riveted  construction. 

There  is  one  advantage  that  a  riveted  truss  bridge  has  to  an  eminent 
degree  over  a  pin-cormected  one,  viz.,  that  in  case  it  be  carried  off  its 
piers  by  flood,  it  stands  a  good  chance  of  avoiding  absolute  destruction. 
A  pin-connected  structure  under  such  conditions  is  sure  to  become  a 
mass  of  tangled  wreckage  that  will  cost  more  to  remove  than  its  scrap 
value;  while  a  riveted  structure  may  survive  the  shock  well  enough  to 
be  used  again  wdth  moderate  repairs.  During  the  Kaw  River  flood  of 
1903,  all  but  one  of  some  twenty  bridges  near  Kansas  City  were  carried 
away,  and  all  but  two  of  those  that  went  out  were  total  wrecks.  Those 
two  were  riveted  truss  bridges,  one  an  old  one  of  rather  unscientific  de- 
sign and  the  other  a  first-class  modern  structure.  The  old  bridge  was 
cut  apart  and  rebuilt,  but  the  resultant  structure  proved  to  be  about  as 
expensive  as  a  new  bridge,  while  the  spans  of  the  new  one  were  picked 
up,  placed  upon  the  masonry,  and  submitted  for  several  days  to  train 
traffic  without  any  repairs.  Of  course,  there  were  a  few  broken  pieces 
in  each  span,  but  these  were  of  such  minor  importance  that  they  were 
either  repaired  or  replaced  without  stopping  the  traffic.  Considering  the 
fact  that  one  of  the  spans  was  transported  seven  hundred  and  fifty  feet 
do^vn  stream  and  rolled  over  and  that  the  other  two  spans  were  also 
carried  some  distance  by  the  current,  their  resurrection  in  such  good 
shape  speaks  well  for  the  strength  and  stiffness  of  the  riveted-truss  type 
of  bridge.     Fig.  Ik  illustrates  the  bridge  in  question. 

In  pin-connected  bridges  there  is  undoubtedly  a  tendency  to  wear  in 
the  joints.  This  has  been  shown  by  numerous  old,  light,  short-span 
bridges  and  elevated  railroads  that  have  been  taken  do\vn,  and  by  rust- 
wash  superposed  upon  the  paint  below  the  pins  on  eyebars  of  bottom 
chords.     For  light  and  short  spans  this  wear  is  an  important  factor,  as 
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it  limits  the  life  of  the  structure  to  a  short  term  of  years;  but  in  heavy 
and  long  spans  its  action  is  so  exceedingly  slow  that  it  might  require 
centuries  to  effect  any  real  damage.  Of  course,  the  slight  elongation  of 
the  eyes  in  the  eyebars  will  gradually  lessen  the  camber,  but  that  is  of 
no  serious  importance.  It  is  only  when  the  metal  back  of  the  pin  is  too 
much  reduced  for  safety  or  when  the  pin  is  materially  cut  into  that  the 
damage  due  to  such  wear  becomes  serious. 


CHAPTER  XXXIII 

DIMENSIONING    FOR   CAMBER 

Camber  was  introduced  into  bridges  originally  for  the  sake  of  ap- 
pearance. If  a  long  line  which  is  practically  horizontal  sags  a  trifle,  the 
result  is  not  only  unsesthetic,  but  even  suggests  a  lack  of  strength;  while 
if  it  rises  slightly,  the  effect  is  graceful.  From  this  standpoint,  it  would 
be  best  to  construct  all  spans  having  an  approximately  horizontal  line 
as  a  salient  feature  with  such  camber  that  under  the  worst  conditions 
this  line  would  still  have  a  slight  upward  curvature.  Camber  is  also 
introduced  into  bridges  today  for  the  purpose  of  reducing  or  eliminating 
certain  secondary  stresses,  as  was  explained  in  Chapter  XI. 

Camber  is  sometimes  used  to  meet  requirements  of  under-clearance. 
It  i.s  often  necessary  that  no  portion  of  a  bridge  Ue  below  a  certain  hori- 
zontal plane.  By  cambering  trusses  with  nominally  straight  bottom 
chords,  the  end  panels  of  each  span  can  be  brought  down  close  to  the 
clearance  line,  without  the  centre  panels  sagging  below  it  when  the  span 
is  loaded.  However,  this  result  can  be  obtained  more  easily  by  raising 
the  structure  a  trifle;  and  the  point  will  not  be  considered  further  in  this 
chapter. 

In  plate-girder  spans  the  principal  horizontal  line  is  generally  the 
bottom  of  the  girders,  although  sometimes  the  floor  line  is  more  promi- 
nent. Girder  spans  are  so  short  that  there  is  little  need  of  cambering 
them  for  the  sake  of  appearance  or  for  any  other  reason. 

In  through  truss  bridges  the  principal  horizontal  line  is  practically 
always  the  bottom  chord,  although  sometimes  the  floor  line  is  conspic- 
uous. Camber  is  provided  in  practicaUy  all  simple  truss  spans.  Since 
the  tops  of  the  stringers  must  generally  be  paraUel  to  the  bottom  chords, 
the  introduction  of  the  camber  into  the  structure  will  cause  the  floor 
to  rise  shghtly  in  the  centre  portion  of  each  span  when  the  bridge  is  un- 
loaded. This  is  unobjectionable  in  a  single  span;  but  when  a  bridge 
contains  several  spans,  it  causes  a  series  of  humps  in  the  floor  which  are 
rather  undesirable.  These  humps  are  not  usually  so  noticeable  in  a  high- 
way bridge,  as  the  amount  of  camber  under  full  dead  load  need  not  be 
very  great,  and  the  eye  ■wall  not  notice  it  very  much  on  a  solid  floor;  but 
in  railway  bridges  a  larger  camber  will  be  required  under  dead  load,  and 
the  rails  make  the  humps  quite  conspicuous.  Most  railways  specify  that 
either  half  or  all  of  the  camber  under  dead  load  shall  be  taken  out  of  the 
floor  by  dapping  the  ties,  unless  so  doing  would  cut  into  the  timber  too 
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deeply.  The  half-dapping  is  preferable  in  most  respects,  as  it  does  not 
cut  into  the  ties  so  much,  and  as  it  will  make  the  grade  practically  straight 
when  a  line  of  passenger  cars  is  on  a  span.  The  full-dapping  scheme  has 
the  advantage  that  the  track  men  can  level  up  the  track  more  easily, 
as  the  grade  is  straight  when  there  is  no  Uve  load  on  the  bridge.  Both 
plans  are  somewhat  objectionable,  because  it  is  quite  difficult  to  dap  the 
ties  properly  in  either  case,  and  because  the  replacement  of  the  deeply 
dapped  ties  is  very  troublesome.  In  fact,  some  engineers  consider  that 
when  a  railway  company  requires  that  half  or  all  of  the  camber  in  the 
floor  is  to  be  taken  out  by  dapping  the  ties,  it  is  better  to  secure  this 
result  by  reducing  the  camber  in  the  steelwork  and  keeping  the  ties 
of  uniform  depth.  This  plan  is  certainly  much  simpler  and  more  satis- 
factory, so  far  as  the  track  is  concerned;  and  where  the  question  of  ap- 
pearance is  not  very  important,  as  is  often  the  case,  it  offers  the  best 
solution  of  the  problem. 

In  deck  truss  spans  the  bottom  chord  is  usually  the  most  important 
horizontal  line.  As  the  top  chord  is  almost  always  parallel  to  it,  humps 
similar  to  those  produced  in  the  floors  of  through  bridges  by  camber  will 
occur  in  the  floors  of  deck  spans  as  well.  They  can  be  handled  as  was 
indicated  for  the  case  of  through  spans,  or  else  the  top  chord  can  be 
given  a  smaller  camber  than  the  bottom  chord. 

In  cantilever  bridges  the  grade  line  will  ordinarily  be  straight  when 
there  are  several  spans;  but  it  generally  rises  to  an  apex  at  the  centre 
of  the  suspended  span,  when  there  is  only  a  single  main  opening.  The 
bottom  chord  of  the  suspended  span  is  generally  parallel  to  the  grade, 
but  it  may  be  somewhat  arched.  The  bottom  chords  of  the  cantilever 
and  anchor  arms  may  be  parallel  to  the  floor  line,  or  they  may  be  arched, 
in  which  case  the  top  chord  may  be  at  the  floor  line,  or  it  may  extend  high 
above  it.  When  the  floor  and  the  chords  are  arched,  any  further  cam- 
bering for  the  sake  of  appearance  is  unnecessary.  The  secondary  stresses 
will  generally  have  to  be  considered.  If  the  floor  line  and  the  chords  be 
nominally  straight,  it  will  be  necessary  to  camber  in  order  to  prevent  the 
horizontal  lines  from  sagging  under  any  probable  conditions.  Here  also 
consideration  of  the  secondary  stresses  will  generally  be  necessary. 

Steel  arch  spans  usually  have  no  horizontal  lines  other  than  the  floor 
line.  When  there  is  but  a  single  span,  the  floor  is  generally  laid  out  to 
a  slight  curve  with  its  highest  point  at  the  centre  of  the  span,  as  this 
adds  greatly  to  the  appearance  of  such  a  structure;  but  where  there 
are  several  spans  in  succession,  the  grade  should  be  straight,  or  else  it 
should  rise  but  a  trifle  at  the  centre  of  each  span.  The  cambering  must 
be  such  that  the  floor  line  will  never  sag  below  the  horizontal. 

The  only  nominally  horizontal  lines  of  a  suspension  bridge  are  the 
floor  and  the  chords  of  the  stiffening  trusses,  which  lines  are  nearly  always 
parallel.  These  lines  are  made  somewhat  arched,  so  that  it  will  be  un- 
necessary to  camber  for  the  sake  of  appearance.     Cambering  for  second- 
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ary  stresses  in  stiffening  trusses  of  suspension  bridges  is  generally  un- 
necessary. 

The  problem  of  cambering  a  swing  span  is,  in  general,  one  of  cam- 
bering two  simple  spans,  each  of  a  length  equal  to  that  of  one  arm  of 
the  draw,  with  certain  special  features  due  to  the  fact  that  the  two  spans 
are  continuous. 

A  vertical  lift  span  should  be  cambered  in  the  same  manner  as  a  simple 
span  of  the  same  type.  The  cambering  of  the  towers  requires  special 
consideration,  however.  The  cambering  of  a  bascule  will  depend  upon 
its  shape.  A  single-leaf  bascule  can  generally  be  cambered  like  a  simple 
span,  while  the  cambering  of  a  double-leaf  bascule  will  usually  be  similar 
to  that  of  either  a  simple  span  or  an  arch,  depending  on  its  form. 

Reinforced  concrete  bridges  should  be  constructed  so  that  the  floor 
line  will  be  practically  straight  under  dead  load.  It  is  frequently  ad- 
visable to  have  the  grade  rise  a  trifle  at  the  centre  of  each  span,  so  as 
to  ensure  that  a  slight  settlement  of  the  falsework  will  not  cause  it  to 
sag.  The  bottom  lines  of  reinforced  concrete  girders  should  always  be 
arched  a  trifle,  if  possible;  and  if  made  nominally  straight,  they  should 
be  cambered  somewhat,  so  that  they  will  not  sag  below  a  straight  line, 
if  the  falsework  should  settle  a  little.  The  appearance  of  a  concrete 
structure  is  always  quite  important;  and  sagging  lines  may  ruin  the 
beaut}'^  of  an  otherwise  fine-looking  bridge. 

The  Cambering  of  Plate  Girders 

As  was  previously  stated,  there  is  generally  no  need  of  cambering 
plate  girders.  In  case  it  is  desired  to  do  so,  however,  the  girders  should 
bend  at  the  splices  only  and  be  straight  between  them.  If  a  girder  be 
cambered  so  that  it  will  be  straight  when  loaded  wdth  full  dead  plus  live 
plus  impact  loads,  it  will  be  necessary  to  use  a  camber  of  about  one  one- 
thousandth  (Viooo)  of  the  span  length  when  the  ratio  of  length  to  depth 
of  girder  is  ten  (10).  However,  it  is  hardly  worth  while  to  camber  quite 
this  much,  because  such  a  load  will  be  rare.  Ordinarily,  for  girders  hav- 
ing the  above  ratio  of  length  to  depth,  a  camber  of  one-twelve  hundredth 
(V1200)  of  the  span  length,  or  one  (1)  inch  per  hundred  (100)  feet, 
will  be  about  right;  and  for  any  other  ratio  of  length  to  depth,  the  cam- 
ber should  be  ,  where  /  is  the  span  length  and  d  the  depth  of 

the  girder,  both  values  being  expressed  in  the  same  unit.  The  angle 
of  bending,  </>,  at  each  splice  will  be  given  with  sufficient  accuracy  by  the 
formula, 

*  =  1500  d  In +  1)'  ^^-  1' 

where  n  is  the  number  of  splices,  and  <^  is  measured  in  radians. 
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If  the  ratio  -7  is  10,  this  becomes 
a 

*  =  WWTTy  ^^-  21 

If  the  end  stiffeners  be  set  at  right  angles  to  the  flanges,  they  will 
be  inclined  to  the  vertical  at  an  angle  0'  (in  radians)  given  by  the  ex- 
pression, 

^'  =  300o/(n  +  l)''  ^^"^-^^ 

If  —  =  10,  this  becomes 


d 


*'  =  3wi+i)-  "="•*' 


The  girders  are  bent  at  the  splices  only,  in  order  to  simplify  the  shop 
work.  Each  piece  of  the  web  can  then  be  put  through  the  multiple- 
punch  as  usual.  The  top  and  the  bottom  flange  angles  will  differ  only 
in  that  one  rivet  space  at  each  splice  will  be  larger  in  the  top  than  in  the 
bottom  flange.  In  the  vertical  splice  p'ates,  the  hues  of  rivets  on  oppo- 
site sides  of  the  sphce  will  make  an  angle  with  each  other  equal  to  the 
angle  of  bend.  As  the  over-all  lengths  of  the  top  and  the  bottom  flanges 
will  be  different,  the  bottom  lateral  system  (if  any)  will  vary  slightly  from 
the  top  lateral  system. 

The  Cambering  of  Simple  Truss  Spans 

Theoretically,  a  truss  should  be  so  cambered  that  under  fuU  dead 
plus  live  plus  impact  loads  the  bottom  chord  will  be  straight.  However, 
the  provision  of  a  camber  of  this  amount  accentuates  the  humps  in  the 
grade  of  the  floor,  or  increases  the  dapping  of  ties  to  avoid  them.  Further- 
more, since  the  occurrence  of  this  maximum  loading  is  rare,  there  is  no 
need  of  providing  for  it,  so  far  as  the  question  of  the  appearance  is  con- 
cerned. It  is  also  unnecessary  to  consider  it  as  acting  when  it  is  desired 
to  camber  in  order  to  reduce  the  secondary  stresses,  as  was  pointed  out 
in  Chapter  XI.  For  truss  spans  in  general,  a  good  rule  is  to  camber 
for  dead  plus  one-half  of  the  live  and  impact  loads ;  and  this  is  the  amount 
called  for  in  the  specifications  of  Chapter  LXXVIII.  A  factor  a  little 
greater  than  one-half  might  be  nearer  the  proper  value  for  single-track 
railway  spans,  but  the  difference  is  of  small  importance.  The  length  of 
a  chord  under  the  above  loading  may  be  called  its  "normal"  length,  as 
it  is  the  average  of  the  lengths  under  dead  load  only  and  under  full  load. 
The  normal  length  of  a  span  is  an  important  figure,  as  the  expansion 
shoes  must  be  set  in  accordance  with  it;  hence  it  is  desirable  to  use  this 
length  in  all  the  camber  calculations.     It  might  further  be  noted  that 
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the  rnmbers  obtained  by  tlu>  use  of  the  above  loading  are  about  the  same 
as  those  obtained  by  leugtliening  the  top  chord  members  by  one-eighth 
(3^  of  an  inch  for  every  ten  (10)  feet  of  length,  which  rule  has  been  very 
widely  used  for  many  years. 

The  camber  of  trusses  in  general  is  to  be  figured  in  the  following  man- 
ner: The  truss  is  assumed  to  have  its  nominal  outline — that  is,  the  bot- 
tom chord  straight  and  of  nominal  length,  and  all  posts  perpendicular 
to  it  and  of  nominal  length, — when  under  dead  plus  one-half  of  live  and 
impact  loads.  The  corresponding  lengths  of  the  diagonals  are  then  fig- 
ured; and  also  those  of  the  top  chord  members,  unless  the  said  top  chord 
l)e  straight,  in  which  case  they  will  be  of  the  same  lengths  as  the  corre- 
sponding bottom  chord  members.  The  lengths  of  the  various  members 
under  the  above  conditions  will  be  termed  their  normal  lengths.  Next, 
the  changes  in  the  lengths  of  the  various  members  due  to  the  dead  load 
plus  one-half  of  the  live  and  impact  loads  over  the  entire  span  are  to 
be  figured,  and  these  amounts  added  to  the  normal  lengths  of  the  com- 
pression members,  and  subtracted  from  the  normal  lengths  of  the  tension 
members,  thus  giving  the  theoretic  shop  lengths.  All  of  the  above  lengths 
should  be  computed  to  the  nearest  hundredth  (Vioo)  of  an  inch.  If  the 
truss  be  a  riveted  one,  the  actual  shop  lengths  are  to  be  found  by  expressing 
the  theoretic  shop  lengths  to  the  nearest  thirty-second  (V32)  of  an  inch, 
which  is  as  close  as  the  shop  work  can  be  done.  If  the  truss  be  pin- 
connected,  the  actual  shop  lengths  are  to  be  found  by  first  expressing 
the  theoretic  shop  lengths  to  the  nearest  thirty-second  (V32)  of  an  inch, 
and  then  by  further  increasing  the  length  of  each  compression  member 
by  one  sixty-fourth  (Ve*)  of  an  inch  at  each  end  which  bears  on  a  pin, 
and  similarly  decreasing  the  length  of  each  tension  member  by  the  same 
amount,  in  order  to  allow  for  the  play  at  the  pin-holes. 

The  camber  of  a  riveted  truss  in  its  no-load  condition  is  figured  by 
dra\Ning  a  Williot  diagram  (see  Chapter  XII),  using  for  the  changes  in 
the  lengths  of  the  various  members  the  differences  between  their  normal 
lengths  and  their  theoretic  shop  lengths.  The  adoption  of  these  differ- 
ences, rather  than  those  between  the  normal  and  the  actual  shop  lengths, 
saves  a  httle  time;  and  it  is  really  a  trifle  better,  as  the  truss,  if  riveted 
up  under  these  conditions,  will  take  its  nominal  outline  under  dead  plus 
one-half  of  five  and  impact  loads,  while  if  the  actual  shop  lengths  were 
used  it  would  not  do  so  exactly.  The  employment  of  the  theoretic 
siiop  lengths  will  mean  possible  mismatching  of  holes  amounting  to 
one  sixty-fourth  (/64)  or  even  one  thirty-second  (732)  of  an  inch,  when 
the  connections  are  reamed  to  templets,  but  this  is  of  no  importance 
whatsoever;  while  if  the  truss  is  assembled  in  the  shop  and  its  cormec- 
tions  reamed  (which  is  the  proper  method),  even  these  slight  mismatch- 
ments  will  be  corrected,  because  the  truss  will  be  laid  out  for  the  reaming 
in  accordance  with  the  camber  diagram  as  above  computed. 

The  camber  of  a  pin-connected  truss  in  its  no-load  condition  is  also 
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to  be  figured  by  meaas  of  the  Williot  diagram,  using,  however,  for  the 
changes  in  the  lengths  of  the  various  members  the  difference  between 
the  normal  and  the  actual  shop  lengths.  The  adoption  of  the  latter 
is  necessary  in  this  case,  as  the  pins  cannot  take  up  slight  differences 
as  can  the  hot  rivets.  The  actual  outline  of  a  pin-connected  truss  when 
under  dead  load  plus  one-half  of  live  and  impact  loads  is  likely  to  vary 
slightly  from  the  nominal  outline,  due  to  the  differences  between  the 
theoretic  and  the  actual  shop  lengths,  and  to  the  uncertainty  as  to  the 
amount  of  play  in  the  pin-holes;  but  as  the  amount  of  this  variation  in 
camber  caused  by  such  differences  in  any  one  member  should  rarely  be 
as  much  as  one-eighth  (yQ  of  an  inch,  and  as  the  variations  due  to  dif- 
ferent members  are  likely  to  be  compensatuig,  no  account  need  be  taken 
thereof.  It  might  be  well  always  to  handle  the  differences  between  theo- 
retic and  actual  shop  lengths  so  that  the  actual  shop  lengths  of  the  com- 
pression members  will  tend  to  be  too  great  rather  than  too  small,  and 
those  of  the  tension  members  too  small  rather  than  too  great.  As  a 
result  of  this  procedure  the  truss  will  have  its  nominal  outline  under  a 
load  a  trifle  greater  than  the  dead  load  plus  one-half  of  the  hve  and  im- 
pact loads,  which  is  entirely  satisfactory. 

For  long  spans  the  above-explained  method  of  figuring  shop  lengths 
and  camber  should  generally  be  followed.  For  shorter  spans  the  approxi- 
mate method  before  mentioned — that  of  increasing  the  length  of  each 
top  chord  member  over  that  of  the  corresponding  bottom  chord  member 
by  one-eighth  (yQ  inch  for  each  ten  (10)  feet  of  length — will  give  good 
enough  results,  if  the  distorting  effect  of  secondary  members,  such  as  hip 
verticals,  be  duly  cared  for.  In  general,  it  might  be  said  that  this  ap- 
proximate rule  can  be  applied  to  all  spans  two  hundred  (200)  feet  or 
less  in  length.  Its  application  to  a  truss  with  parallel  chords  causes  the 
shop  lengths  of  all  diagonals  and  of  ajl  posts  (c.  to  c.)  to  be  alike  through- 
out the  span,  so  that  it  is  particularly  advantageous  for  that  type  of 
truss.  It  would  be  a  very  good  rule  to  use  the  approximate  method 
for  trusses  with  parallel  chords,  and  the  exact  one  for  those  with  polygonal 
top  chords. 

The  approximate  method  is  to  be  applied  to  a  truss  with  parallel 
chords  in  the  following  manner:  The  theoretic  normal  length  of  the  en- 
tire bottom  chord  (c.  to  c.  of  end  pins)  is  known,  and  from  that  its  theo 
retic  length  under  no  load  is  figured.  The  shop  lengths  of  the  various 
panels  are  then  made  equal  (for  the  ordinary  case,  in  which  the  panels 
are  nominally  of  equal  length).  These  panel  lengths  should  be  ex-pressed 
to  the  nearest  thirty-second  (7^2)  of  an  inch,  and  then  the  actual  no- 
load  and  normal  lengths  of  the  entire  bottom  chord  should  be  determined. 
These  should  rarely  vary  from  their  theoretic  values  by  as  much  as  one- 
eighth  {}/Q  of  an  inch.  The  shop  length  of  each  top  chord  panel  is  next 
found  by  making  it  longer  than  the  shop  length  of  the  corresponding 
bottom  chord  panel  by  one-eighth  (3^  of  an  inch  for  each  ten  (10)  feet 


DIMENSIONING    FOR   CAMBER  757 

of  length,  the  said  shop  length  being  always  expressed  to  the  nearest 
thirty-second  (%2)  of  an  inch.  The  shop  lengths  of  the  various  posts 
which  form  a  portion  of  the  main  truss  system  are  then  taken  equal  to 
the  nominal  truss  depth,  and  should  likewise  be  expressed  to  the  nearest 
thirty-second  (732)  of  an  inch.  The  shop  length  of  any  hanger  which 
carries  a  single  panel  load  only  (as  the  hip-vertical  in  a  through  Pratt 
truss,  or  the  hangers  in  a  through  triangular  truss  with  verticals)  is  made 
less  than  the  nominal  truss  depth  by  the  amount  of  its  extension  under 
dead  load  plus  one-half  of  live  and  impact  loads;  and  the  shop  length 
of  any  strut  which  carries  a  single  panel  load  only  (as  the  struts  in  a 
deck  triangular  truss  with  verticals)  is  similarly  made  greater  than  the 
nominal  truss  depth.  The  above  shop  lengths  are  also  taken  to  the 
nearest  thirty-second  C/iz)  of  an  inch.  The  shop  lengths,  Id,  of  the 
various  diagonals  and  of  the  inclined  end  posts  are  then  figured  by  the 
formula, 


lo-yj  (!-^y+  <P,   .  [Eq.  51 


in  which 


It  =  shop  length  of  top  chord  panel, 
Ib  =  shop  length  of  bottom  chord  panel, 
and  d  =  nominal  truss  depth. 

If  there  be  two  intersecting  diagonals  in  the  centre  panel  of  a  riveted  truss 
that  has  an  odd  number  of  panels,  it  will  be  best  to  make  the  shop  length 
of  each  half-diagonal  one-half  of  l^,  and  figure  on  riveting  the  centre 
connection  after  the  span  has  been  swung,  if  this  be  practicable. 

The  camber  of  the  truss  under  no  load  is  then  determined  in  the  fol- 
lowing manner :  The  panel  pomts  of  both  chords  are  first  assumed  to  lie 
on  arcs  of  circles,  with  the  posts,  hangers,  and  struts  radial,  the  hangers 
and  struts  being  assumed  for  the  present  to  have  the  same  length  as  the 
posts.  The  radius  Rb  for  the  circujar  curve  containing  the  bottom 
chord  panel  points  is  given  by  the  formula, 

Rb  =  IbX  y ^,  [Eq.  6] 

and  the  radius  Rj  of  the  circular  curve  containing  the  top  chord  points 
by  the  expression, 

«-  =  '-  X  (17^-  [Eq-  7] 

From  these  equations  we  get 

Rt  -  Rb  =  d,  [Eq.  8J 

as  is  self-evident. 
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The  distance  y  of  the  centre  point  of  the  circle  on  which  the  bottom  chord 
points  lie  above  the  line  through  the  end  pins  is 

where  I  is  the  shop  length  of  the  bottom  chord. 

If  we  represent  the  number  of  panels  by  n,  Equation  (9)  takes  the  form, 

V  =  2l(|_liB)_  ,gq  JO] 

For  any  panel  point  distant  n'  panel  lengths  from  one  end  of  the  span, 
assuming  the  curve  to  be  a  parabola,  the  camber  c  is  given  by  the  equation, 

n'  (n  -  nO  I  (It  -  Ib)       n'  (n  -  n')  Ib  (h  -  Ib)     r„      .,, 
"  =  2d^ =  2d •    l^l-  "1 

The  camber  of  any  top  chord  point  is  evidently  equal  to  that  of  the  cor- 
responding bottom  chord  point.  Since  each  post  is  radial,  the  top  chord 
point  will  not  lie  vertically  over  the  bottom  chord  point,  but  will  be  located 
a  distance  x  to  one  side,  the  value  of  x  being  given  by  the  expression, 

X  =  (--^n'Hlr-ls)^  [Eq.  12] 

The  value  of  c  for  any  point  which  is  connected  to  the  main  truss 
system  by  a  hanger  or  strut  must  now  be  corrected  by  the  amount  that 
the  shop  length  of  the  said  hanger  or  strut  differs  from  the  nominal  depth 
of  the  truss. 

The  "shop  lengths"  mentioned  thus  far  in  the  discussion  of  the  ap- 
proximate method  of  cambering  have  referred  entirely  to  the  distances 
between  panel  points.  In  a  riveted  truss,  these  lengths  will  be  used  for 
the  various  members  directly;  but  in  a  pin-connected  truss,  each  com- 
pression member  must  be  lengthened  one-sixty-fourth  (^V)  of  an  inch 
at  each  end  which  bears  on  a  pin,  and  each  tension  member  must  be 
similarly  shortened  by  an  equal  amount,  in  order  to  take  care  of  the 
play  at  the  pin-holes. 

The  approximate  method  has  been  explained  above  entirely  with 
regard  to  its  apphcation  to  Pratt  and  single-intersection  Warren  or  tri- 
angular trusses.  It  may  also  be  applied  to  multiple-intersection  trusses, 
but  the  use  of  such  types  today  is  so  rare  that  an  extended  treatment  of 
their  cambering  is  not  justified.  A  Petit  truss,  even  if  of  short  span, 
should  be  cambered  by  the  exact  method,  in  order  to  reduce  as  far  as 
possible  the  distorting  effects  of  the  secondary  members. 

The  form  of  the  camber  curve  of  a  nominally  straight  bottom  chord 
will  be  nearly  the  same,  no  matter  which  method  of  computing  the  cam- 
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ber  is  followed.  The  curve  given  by  the  exact  method  will  be  a  little 
sharper  at  the  centre  and  flatter  at  the  ends,  so  that  if  the  two  methods 
gave  the  same  cambers  at  the  centre  in  any  particular  case,  panel-points 
near  the  quarter-points  of  the  span  would  be  located  a  trifle  higher  by 
the  approximate  method  than  by  the  exact  one.  This  difference  might 
amount  to  as  much  as  one-quarter  (}/Q  of  an  inch  for  a  span  two  hun- 
dred (200)  feet  long.  This  would  mean  that  if  such  a  truss  were  cam- 
bered by  the  approximate  method,  and  then  loaded  so  as  to  take  out  the 
entire  camber  at  the  centre,  the  quarter-points  would  remain  about  one- 
quarter  (^)  of  an  inch  high,  instead  of  coming  down  into  the  straight 
line  between  the  end-pins.  This  is,  of  course,  of  no  practical  importance. 
The  cambering  of  trusses  has  thus  far  been  discussed  on  the  assump- 
tion that  the  span  would  be  erected  on  falsework.  It  is  frequently  nec- 
essarj--,  however,  to  erect  simple-truss  spans  by  cantilevering  out  from 
adjacent  spans,  or  from  the  banks.  The  shop  lengths  of  the  various 
members  of  such  a  truss  can  be  determined  in  the  same  way  as  for  a  span 
which  is  to  be  erected  in  the  ordinary  manner;  but  it  will  be  necessary 
to  figure  the  camber  for  several  special  erection  conditions,  in  order  to  be 
able  to  set  the  members  first  erected  in  their  proper  positions,  to  check 
the  correctness  of  the  erection  w^ork  at  various  stages,  and  to  effect  any 
necessary  adjustments.  When  making  these  figures,  it  is  necessary  to 
take  into  account  the  result  of  the  distortion  of  the  special  erection  mem- 
bers, and,  when  the  span  is  cantilevered  out  from  adjacent  construc- 
tion, of  the  distortion  of  the  latter  as  well.  The  Williot  diagram  is  gen- 
erally employed  in  such  cases,  although  the  analytic  method  can  be  used 
when  the  position  of  but  a  single  point  is  desired.  The  latter  has  the 
particular  advantage  that  the  movement  of  this  point  due  to  the  adjust- 
ment of  any  particular  member  can  be  determined  directly.  If  the  shop 
lengths  are  computed  by  the  approximate  method,  the  positions  which 
the  various  panel-points  would  occupy  if  the  trusses  were  to  rest  on  cam- 
ber blocking  should  be  figured,  and  the  distortions  from  that  outline 
due  to  the  erection  stresses  should  be  calculated.  If  the  exact  method  of 
determining  the  shop  lengths  is  used,  the  outline  of  the  truss  when  under 
the  dead  load  plus  one-half  of  the  live  and  impact  loads  should  be  adopted 
as  a  basis,  and  the  distortions  due  to  the  change  in  stresses  from  that 
condition  to  the  erection  condition  should  be  figured.  The  exact  method 
may  be  found  to  offer  the  more  satisfactory  solution,  as  the  outline  of  the 
truss  used  as  a  basis  therefor  is  generally  rectangular,  whereas  the  one 
employed  in  the  other  case  is  distorted  into  the  circular  shape.  Either 
scheme,  however,  gives  correct  results. 

The  Cambering  of  Cantilever  Bridges 

The  amount  of  live  load  for  which  a  cantilever  bridge  should  be  cam- 
bered is  hardly  as  important  a  matter  as  the  like  question  is  in  the  case 
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of  an  ordinary  simple  truss  bridge,  because  the  dead  load  in  any  long 
span  bridge  (to  which  spans  only  this  tj^De  of  structure  is  suited)  is  much 
the  larger  portion  of  the  total  loading.  The  effects  of  secondary  stresses 
can,  in  general,  best  be  provided  for  by  cambering  for  a  live  load  of  an 
amount  lying  between  the  total  value  and  one-half  thereof.  When  the 
floor  line  and  the  chords  are  more  or  less  arched,  the  smaller  value  is  en- 
tirely satisfactory;  but  when  they  are  nominally  straight,  it  will  be  best 
to  camber  for  the  total  load,  as  the  slight  upward  curve  given  to  the 
horizontal  lines  thereby  when  the  bridge  is  unloaded  (which  is  the  ordi- 
nary condition)  will  add  to  the  appearance  of  the  structure.  In  case  changes 
of  temperature  can  cause  deflections,  this  fact  must  also  be  taken  into 
account.  In  figuring  the  shop  lengths  of  the  various  members,  the  dimen- 
sions of  the  structure  under  the  load  for  which  it  is  to  be  cambered  are 
first  determined.  The  shop  lengths  are  then  computed  precisely  as  in 
the  case  of  simple  trusses,  taking  into  account  also  the  distortions  due 
to  temperature  (if  any).  Care  must  be  taken  to  see  that  the  deforma- 
tions of  the  anchorages  are  not  overlooked.  Next  the  outline  of  the 
truss  under  no  load  is  figured.  This  is  necessary  for  the  assembling  of 
the  trusses  in  the  shop,  if  this  procedure  is  followed,  and  for  the  erection 
of  the  anchor  arm,  which  is  built  on  falsework.  Then  the  outlines  of  the 
truss  under  various  erection  conditions  are  figured,  in  order  that  the  cor- 
rectness of  the  work  may  be  tested  at  various  stages,  and  any  necessary 
adjustment  made.  This  is  of  particular  importance  in  case  that  the 
suspended  span  is  cantilevered  out  from  the  cantilever  arms. 

The  Cambering  of  Steel  Arches 

As  was  previously  mentioned,  the  only  need  for  camber  in  an  arch 
is  for  the  purpose  of  preventing  a  nominally  straight  grade  line  from 
sagging.  Hence,  when  the  grade  line  is  arched  more  or  less,  no  camber 
is  necessary,  and  the  shop  lengths  of  the  various  members  can  be  made 
equal  to  their  nominal  lengths,  allowing  for  the  play  in  the  pin-holes  if 
the  structure  be  pin-connected.  If  the  grade  line  be  nominally  straight, 
the  arch  itself  still  requires  no  cambering,  and  the  shop  lengths  thereof 
are  to  be  determined  as  above;  but  the  deflection  of  the  arch  under  full 
load  and  maximum  assumed  fall  of  temperature  should  be  figured,  and 
the  floor-line  cambered  sufficiently  to  make  it  straight  under  that  condi- 
tion. This  will  affect  merely  the  members  carrying  the  floor.  For  span- 
drel-braced arches,  it  will  be  necessary  to  lay  out  the  top  chord  to  follow 
the  curve  of  the  cambered  floor-line  rather  than  as  a  straight  line.  If 
the  arch  is  erected  on  falsework,  no  camber  diagrams  ■wall  be  required, 
unless  it  be  a  hingeless  or  two-hinged  arch  which  it  is  desired  to  coimect 
under  certain  special  conditions;  but  if  it  be  erected  by  cantilevering 
out  from  adjacent  spans  or  from  the  banks,  such  diagrams  must  be  drawn 
for  various  erection  conditions,  in  order  that  the  first  members  may 
be  set  properly,  and  so  that  the  correctness  of  the  work  may  be  tested 
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at  intervals,  and  any  necessary  adjustments  effected.  In  making  these 
diagrams,  the  distortions  of  adjacent  spans  or  of  the  anchorages  or  other 
special  erection  devices  must  be  duly  considered. 

The  Cambering  of  Suspension  Bridges 

In  general,  it  will  be  best  for  a  suspension  bridge  to  have  its  nominal 
outline  under  dead  load  and  shop  temperature.  The  shop  lengths  of 
the  cables  and  the  members  of  the  stiffening  trusses  are  first  computed, 
and  then  the  outline  of  the  stiffening  truss  under  no  load.  Finally,  the 
cambers  of  the  cables  and  stiffening  trusses  under  various  erection  con- 
tlitions  are  figured,  in  order  that  the  correctness  of  the  erection  work 
may  be  checked  at  any  time  and  any  necessary  adjustments  made. 

The  Cambering  of  Swing  Spans 

Theoretically,  each  arm  of  a  swing  span  should  be  so  cambered  that 
anj'  nominally  straight  chord  thereof  ^\ill  be  straight  when  the  full  live 
(plus  impact)  load  is  on  that  arm  only.  However,  as  in  the  case  of  a 
simple  span,  it  is  practicallj^  better  to  use  a  somewhat  smaller  camber. 
A  satisfactory  amount  is  obtained  by  assuming  the  nominally  straight 
chords  to  be  straight  when  full  live  (plus  impact)  load  covers  the  entire 
span;  and  as  the  stresses  for  this  condition  of  loading  are  always  com- 
puted when  the  truss  is  designed,  it  will  be  a  comparatively  simple  case 
of  loading  to  figure  for. 

In  finding  the  shop  lengths  of  the  various  members,  the  entire  truss 
(includmg  both  arms  and  the  centre  tower)  is  assumed  to  be  of  nominal 
outline  under  full  dead  load  plus  live  plus  impact  loads,  the  uplift  from 
the  wedges  being  taken  as  the  maximum  amount  which  is  considered  to  act 
when  the  top  and  bottom  chords  are  at  the  same  temperature.  The 
shop  lengths  of  all  of  the  members  are  then  calculated  in  precisely  the 
same  manner  as  was  previously  explained  for  simple  spans.  The  camber 
under  the  no-load  condition  is  then  figured  for  use  in  assembling  the 
trusses  in  the  shop,  if  this  be  specified,  and  in  erecting  the  bridge,  if  this 
be  done  on  falsework.  If  the  erection  be  accomplished  in  any  special 
manner,  additional  camber  diagrams  for  various  erection  conditions  may 
be  necessary,  in  order  to  check  the  correctness  of  the  erection  work  at 
various  stages  and  to  make  any  needed  adjustments.  It  will  also  be 
necessary  to  draw  a  camber  diagram  for  the  condition  of  span  swinging, 
in  order  to  be  certain  that  sufficient  movement  has  been  provided  for  in 
the  end  wedges  or  toggles.  In  drawing  the  last-mentioned  diagram,  the 
effect  of  the  top  chord's  having  a  higher  temperature  than  the  bottom 
chord  is  to  be  duly  considered. 

The  Cambering  of  Vertical  Lift  Spans 

The  span  itself  should  be  cambered  in  precisely  the  same  manner  as 
a  simple  span,  and  for  the  same  condition  of  loading.     It  will  be  neces- 
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sary  also  to  figure  the  lengths  of  the  chords  under  dead  load  only,  as 
that  will  be  the  loading  at  the  time  when  the  span  is  operated,  and  the 
one  which  will  determine  the  location  of  the  guides.  The  possible  changes 
in  the  chord  length  due  to  temperature  must  be  computed,  in  order  to 
determine  the  play  in  the  guides  and  the  clearance  with  the  towers  when 
the  span  is  operating;  and  the  changes  due  to  the  hve  load  are  also  needed 
in  order  to  obtain  the  same  information  in  respect  to  the  guides  and  the 
centering  castings  when  the  span  is  seated.  In  this  connection,  it  should 
be  noted  that  under  temperature  changes  both  the  top  and  the  bottom 
chord  points  at  the  fixed  end  of  the  span  remain  stationary  and  those 
at  the  expansion  end  move;  but  when  the  hve  load  comes  on  the  bridge, 
the  bottom  chord  point  at  the  fixed  end  remains  stationary  and  the  one 
at  the  expansion  end  moves,  while  the  top  chord  point  at  the  expansion 
end  remains  practically  stationary  and  the  one  at  the  fixed  end  moves. 

The  cambering  required  for  the  tower  will  depend  on  the  type  thereof 
and  the  manner  in  which  it  is  supported.  The  several  ordinary  types 
will  now  be  considered. 

When  the  tower  is  of  the  four-leg  type  resting  on  masonry,  with  each 
column  carrying  the  load  of  one  sheave,  no  camber  is  necessary.  If  the 
rear  legs  rest  on  a  span  (which  construction  is  very  unhkely),  the  lengths 
of  the  tower  legs  will  have  to  be  such  that  the  tower  will  be  vertical  when 
the  supporting  span  carries  dead  load  only.  If  the  tower  is  to  be  erected 
after  the  supporting  span  has  been  swung  and  has  received  the  larger 
portion  of  its  dead  load,  it  should  be  set  vertical;  but  if  it  is  to  be  erected 
while  the  said  span  is  on  falsework,  or  before  it  carries  most  of  its  dead 
load,  it  will  have  to  be  erected  leaning  forward  by  such  an  amount  that 
when  the  full  dead  load  comes  on  the  span,  the  tower  will  assume  a  vertical 
position. 

When  the  tower  is  of  the  single-bent  type  resting  on  masonry,  no 
camber  is  necessary.  If,  however,  the  columns  are  riveted  to  the  end  of 
a  plate  girder  or  truss  span,  the  connections  must  be  so  detailed  that  it 
will  be  vertical  when  the  said  span  is  under  dead  load.  The  remarks 
above  given  concerning  the  erection  of  towers  of  the  four-leg  type  will 
apply  to  this  style  of  tower  as  well. 

In  the  usual  type  of  tower  a  front  column  carries  the  entire  load  from 
the  sheave,  and  is  braced  to  a  light  rear  column  by  a  system  of  webbing. 
This  rear  column  takes  practically  no  load,  and  is  generally  supported 
by  an  adjacent  fixed  span,  while  the  front  column  rests  directly  on  a 
pier.  The  distance  between  the  front  and  the  rear  columns  of  the  tower 
at  the  top  is  quite  small,  say  eight  (8)  or  ten  (10)  feet,  while  that  at  the 
bottom  is  much  greater.  When,  as  is  usually  the  case,  the  fixed  span 
is  a  truss  span,  the  rear  leg  is  supported  at  the  hip-point,  if  the  tower 
be  of  ordinary  height,  and  at  the  next  top  chord  point,  if  the  tower  be 
very  high. 

It  is  evident  that  the  tower  must  be  so  cambered  that  when  the  full 
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load  is  on  the  sheave  and  the  dead  load  only  is  on  the  supporting  span 
the  front  column  will  be  vertical.  The  proper  shop  lengths  of  the  various 
members  arc  determined  in  the  following  manner:    The  position  of  the 


Fig.  33a.     Camber  Diagram  for  Tower  of  Vertical  Lift  Bridge. 

panel-point  which  carries  the  rear  leg  is  first  found  for  dead  load  only 
on  the  span.  Then  the  nominal  outline  of  the  tower  is  settled,  using  the 
position  just  figured  for  the  panel-point  at  the  bottom  of  the  rear  leg. 
The  lengths  of  all  members  as  given  by  this  diagram  may  be  called  their 
nominal  lengths.  The  theoretic  shop  lengths  of  all  panels  of  the  rear 
leg  and  of  all  bracing  members  will  be  equal  to  their  nominal  lengths, 
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while  the  theoretic  shop  lengths  of  the  various  panels  of  the  front  column 
are  determined  by  adding  to  their  nominal  lengths  their  deformations 
under  the  load  from  the  sheave.  The  actual  shop  lengths  are  found 
by  expressing  the  theoretic  shop  lengths  to  the  nearest  thirty-second  (  ^1^2) 
of  an  inch. 

The  camber  of  the  tower  is  next  to  be  figured.  Its  nominal  outline  is 
already  known;  and  from  that  its  position  when  the  supporting  span  is 
under  dead  load  only  and  no  load  is  on  the  sheave  is  determined  by  a 
Williot  diagram,  using  for  this  purpose  the  differences  between  the  nominal 
lengths  and  the  theoretic  shop  lengths,  as  the  connections  will  all  be 
riveted.  If  the  tower  is  not  to  be  erected  until  after  the  supporting  span 
has  been  swung  and  has  received  practically  its  full  dead  load,  this  dia- 
gram is  all  that  is  necessary.  In  case  the  tower  is  to  be  erected  while 
the  span  is  still  on  falsework,  or  before  it  has  received  its  full  dead  load, 
an  additional  camber  diagram  is  to  be  constructed  as  follows:  The 
movement  of  the  panel  point  at  the  bottom  of  the  rear  leg  from  its  posi- 
tion when  full  dead  load  is  on  the  supporting  span  is  first  figured,  this 
movement  being  upward  and  toward  the  lift  span.  Let  the  horizontal 
and  the  vertical  components  of  its  motion  be  called  5^  and  5^,  respectively. 
The  resulting  motion  of  the  tower  may  then  be  thought  of  as  consisting 
of  a  forward  movement  of  the  entire  tower  (except  the  foot  of  the  front 
column)  equal  to  5/^,  and  a  rotation,  about  a  point  in  the  front  column 

at  the  elevation  of  the  bottom  of  the  rear  leg,  through  an  angle  — ^,  w 

being  the  distance  from  the  centre  of  the  front  column  to  the  centre  of 
the  rear  column  at  this  point.  The  total  forward  movement  5  of  any 
point  distant  h  above  the  bottom  of  the  rear  leg  will,  therefore,  be  given 
by  the  formula, 

5  =  5,  +  ^.  [Eq.  13] 

These  movements,  5,  of  the  various  points  are,  of  course,  from  their  posi- 
tions in  the  camber  diagram  previously  drawn,  not  from  their  positions 
in  the  nominal  outline. 

Fig.  33a  illustrates  the  application  of  the  above  methods  to  the  draw- 
ing of  the  camber  diagram  of  a  tower  for  the  supporting  span  under  full 
dead  load,  and  also  on  the  camber  blocks. 


CHAPTER  XXXIV 

PROTECTION    OF   METALWORK 

One  of  the  serious  problems  confronting  the  bridge  engineer  is  that 
of  protecting  metahvork  under  all  conditions  and  in  all  places.  Many- 
observations,  tests,  and  investigations  have  been  made  in  the  endeavor 
to  find  an  effective  means  of  protecting  steel  structures.  A  record  of  such 
a  series  of  tests  and  their  results  is  to  be  found  in  Vol.  XIV  of  the  Pro- 
ceedings of  the  American  Society  for  Testing  Materials.  An  excellent  re- 
sume of  the  latest  developments  and  conclusions  with  a  brief  synopsis  of 
results  accomplished  by  that  society  and  other  investigators  is  given  in 
Vols.  15  and  16  of  the  Proceedings  of  the  American  Railway  Engineering 
Association. 

That  the  rusting  of  steel  is  due  to  an  electrolytic  action  is  becoming 
more  thoroughly  established  with  advancing  research  work.  The  lack 
of  homogeneity  in  the  metal  furnishes  a  difference  in  potential  between 
two  contiguous  portions,  and  the  presence  of  water  or  moist  air  starts 
the  said  electrol>i;ic  action.  Every  particle  of  surface  impurity,  whether 
consisting  of  carbon,  cinder,  or  oxide,  forms  with  the  iron  in  the  presence 
of  water  a  galvanic  couple  or  minute  battery.  It  is  impossible  in  the 
present  state  of  the  art  to  eliminate  these  impurities;  hence,  for  a  practical 
remedy,  we  must  look  for  a  protective  coating  that  will  effectively  shut 
out  all  water  and  air.  The  most  common  means  of  providing  a  coating 
is  that  of  painting  the  structure. 

Some  experiments  indicate  that  different  ingredients  of  paint  have 
different  effects  upon  the  metal.  Some  seem  to  act  to  as  "inhibitors," 
some  as  "neutrals,"  and  some  as  "stimulators"  of  rust.  This  is  to  be 
expected,  for  the  accumulated  experience  of  mankind  shows  that  differ- 
ent materials  have  different  properties  and  that,  because  of  this  variation, 
some  of  them  must  approach  any  given  standard  closer  than  others.  It 
has  also  been  found  that  these  ingredients  vary  in  their  ability  to  exclude 
and  to  shed  moisture.  A  material  may  exclude  it  for  the  time  being, 
but  the  surface  character  thereof  may  be  such  that  the  dampness  will 
cling  to  it  until  evaporated  or  absorbed;  or  the  surface  may  be  such  as 
to  make  the  moisture  run  off  quickly.  A  "shedding"  pigment  may  be 
a  greater  absorber  of  moisture  than  it  is  an  "excluder"  and  yet  in  some 
situations  prove  the  better  protection. 

Different  pigments  have  different  coefficients  of  expansion  and  drying 
and  different  moduli  of  elasticity.  In  some  cases  the  finishing  coat  will 
crack  along  the  priming  coat;   and  the  liability  of  some  of  the  best  "in- 
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hibitors"  to  crack  is  so  great  as  to  warrant  their  rejection.  It  has  been 
found  that  the  chemical  composition  of  the  pigment  may  be  affected  by 
Hght,  or  heat,  or  moisture,  or  gases,  so  that  it  would  fail  under  certain 
conditions,  while  under  more  favorable  ones  it  would  give  good  service. 

The  vehicle  is  as  important  as  the  pigment.  Some  vehicles  which 
have  an  objectionable  degree  of  porosity  may,  with  the  addition  of  a  pig- 
ment filling  the  voids,  produce  a  successful  protective  coating. 

Investigations  indicate  that  bituminous  coatings  protect  metal  better 
for  a  short  time  than  any  other  kind;  but  that  the  action  of  the  sunlight 
quickly  destroys  their  life  and  renders  them  valueless  as  a  protective 
material. 

The  foregoing  facts  lead  to  the  following  tentative  general  conclusions: 

1.  Priming  coats  should  always  be  inhibitors  regardless  of  their  qualities 
as  excluders  or  shedders. 

2.  Second  coats  should,  preferably,  be  excluders;  and  the  nearer  they 
approach  to  the  inhibitor  class  the  better. 

3.  The  third  or  finishing  coat  should  be  a  good  shedder,  without  re- 
g3,rd  to  its  properties  as  an  inhibitor,  although  the  closer  it  approaches 
that  class  the  more  satisfactory  it  will  be. 

4.  Due  consideration  must  be  given  to  the  conditions  and  the  de- 
teriorating influences  to  which  the  structure  will  be  subjected. 

5.  The  value  of  a  pigment  is  affected  by  the  process  of  manufacture,  so 
it  may  appear  as  an  inhibitor,  or  a  stimulator,  or  any  of  the  various  grada- 
tions between ;  hence  it  is  necessary  to  determine  its  process  of  manufacture 
before  using  it  as  a  priming  coat. 

Some  earher  experiments  indicate  that  carbon  and  graphite  pigments 
and  linseed  oil  are  stimulators  and,  hence,  are  not  desirable  for  the  prim- 
ing coat;  while  zinc  and  zinc-lead  pigments  are  good  primers.  Later  ex- 
periments are  somewhat  contradictory.  It  is  also  shown  that  pigment 
of  the  lead  basis  may  belong  to  either  class,  depending  on  the  process  of 
manufacture. 

The  most  commonly  used  paint  vehicle  is  linseed  oil.  This  alone  does 
not  make  a  good  priming  coat,  as  it  is  a  stimulator  and  also  a  poor  ex- 
cluder. Attempts  have  been  made  to  find  another  oil  that  would  better 
meet  the  conditions.  An  account  of  such  a  test  on  59  different  vehicles 
is  given  in  the  Engineering  News,  Vol.  73,  page.  70  In  this  test  each  of  the 
different  vehicles  was  mixed  successively  with  four  different  pigments, 
viz.,  red  lead,  iron  oxide,  graphite,  and  carbon.  The  result  of  the  ex- 
perhnents  showed  that  linseed  oil  with  the  four  pigments  in  turn  aver- 
aged highest  for  one  coat,  one  year;  next  to  the  highest  for  one  coat, 
two  years;  next  to  the  highest  for  two  coats,  one  year;  and  next  to  the 
highest  for  two  coats  in  two  years.  In  no  case  was  there  very  much  dif- 
ference between  the  linseed  oil  paints  and  the  paints  mixed  with  bleached 
varnish  oil  or  with  extra-bleached  winter  fish  oil.  Those  mixed  with 
the  two  last  mentioned  oils  gave  slightly  higher  average  results.     For  the 
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present,  at  least,  it  seems  that  we  must  accept  linseed  oil  as  the  best  avail- 
able vehicle  and  endeavor  to  make  up  its  deficiencies  by  the  judicious 
selection  of  pigments  for  the  several  different  coats.  Hence  for  priming 
coats,  a  neutral  or  inhibiting  pigment  such  as  red  lead  or  a  zinc  oxide 
should  be  adopted.  So  far,  red  lead,  as  a  primary  coat,  has  proved  about 
as  effective  as  any  other  pigment  in  the  retardation  of  rusting. 

vSeveral  years  ago  the  author  sent  a  letter  of  inquiry  to  the  Chief  En- 
gineers of  twenty  of  the  principal  railroads  of  the  United  States  request- 
ing a  statement  as  to  the  kinds  of  paint  they  used  and  the  lengths  of  life 
thereof.  A  canvass  of  the  replies  sho\ved  that  fourteen  roads  used  red 
lead;  five  employed  carbon  only,  and  three  had  adopted  carbon  in  addi- 
tion to  red  lead.  One  road  employed  iron  oxide  exclusively,  and  one  used 
it  in  addition  to  red  lead;  nine  employed  graphite  (one  exclusively,  one 
in  connection  with  carbon,  and  seven  in  connection  with  red  lead);  two 
roads  used  lamp  black  in  connection  with  red  lead,  and  one  road  em- 
ployed asphaltum  in  addition  to  red  lead.  As  these  roads  had  done,  on 
their  own  account,  some  exi:)erimenting  and  investigating  before  adopting 
a  particular  paint  or  combination  of  paints,  it  is  to  be  inferred  that  the 
process  of  elimination  left  each  road  with  the  paint  best  adapted  to  meet 
the  conditions  prevailing  on  that  system.  Hence  the  fact  that  different 
paints  W'Cre  adopted  by  the  several  roads  leads  to  the  conclusion  that 
no  one  paint  will  suit  all  conditions.  However,  the  concensus  of  opinion 
is  largely  in  favor  of  red  lead  for  the  priming  coat.  It  should  be  finely 
ground  and  mixed  in  the  proportion  of  25  to  30  lbs.  of  lead  per  American 
gallon  of  linseed  oil;  and  the  mixing  should  be  done  just  before  the  time 
of  application.  The  pigment  should  not  be  allowed  to  settle.  As  it  is 
somewhat  difficult  of  application,  a  good  workman  with  a  stiff  brush  is 
required  to  put  it  on. 

For  the  second  and  third  coats,  which  are  to  be  applied  after  the 
metal  has  been  erected,  carbons,  lamp  blacks,  or  graphites  should  be  used, 
as  they  are  good  excluders  and  shedders  of  moisture.  Each  coat  should 
be  of  a  distinctively  different  color  from  the  others,  so  that  it  can  readily 
be  ascertained  whether  the  entire  area  has  been  covered  wdth  one  coat 
before  a  subsequent  one  is  applied.  It  will  facilitate  the  inspection  work 
to  have  a  small  pocket  mirror  in  order  to  reflect  light  in  the  places  diffi- 
cult of  access.  Surfaces  in  contact  should  be  given  their  two  field  coats 
before  being  assembled  in  place.  It  is  important  that  no  painting  be 
done  in  w'et  or  freezing  weather. 

In  applying  paint  to  new^  work,  it  is  essential  that  the  surface  be  cleaned 
from  mill  scale,  mud,  rust,  or  grease,  that  the  metal  be  dry,  and  that  the 
temperature  of  the  surrounding  air  be  above  the  freezing  point  of  water. 
The  more  common  method  of  cleaning  is  that  of  using  steel  scrapers  and 
wire  brushes.  This  is  a  slow  process  if  thoroughly  done.  An  acid  bath 
is  sometimes  employed,  followed  by  another  of  milk  of  lime,  and  then 
by  a  thorough  washing  with  hot  water.     This  method  is  expensive;   and 
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it  is  also  unsatisfactory,  unless  great  care  is  taken  to  remove  all  acid. 
It  is  also  apt  to  leave  the  metal  wet  and  thus  allow  rusting  to  commence 
before  the  paint  is  applied.  Another  method  which  has  many  advantages 
is  that  of  the  sand-blast.  This  removes  rust,  dirt,  and  mill  scale,  and 
leaves  the  metal  clean,  dry,  and  free  from  acid,  so  that  painting  can  fol- 
low immediately.  It  gives  a  superior  surface  to  that  produced  by  the 
wire-brush  method,  and  involves  much  less  time  and  cost  where  there 
is  a  large  amount  of  cleaning  to  be  done.  On  account  of  the  thorough- 
ness of  the  cleaning  which  it  effects,  the  sand-blast  secures  a  stronger 
adhesion  of  the  paint  to  the  metal,  especially  upon  surfaces  that  have 
been  pitted  by  rust.  Difficult  corners  and  re-entrant  angles  which  are 
inaccessible  by  hand  can  readily  be  cleaned  by  this  method.  It  has  been 
found  that  an  air-pressure  of  eighty  pounds  per  square  inch  gives  the  most 
economical  results.  About  three  square  feet  per  minute  can  be  cleaned 
by  adopting  this  intensity.  As  the  pressure  ought  to  be  constant,  a  small 
cylindrical  receiver  about  18  inches  in  diameter  by  36  inches  in  length 
should  be  installed  in  the  air  main  in  order  to  steady  the  intensity  and 
to  catch  the  condensation. 

The  cleaning  should  be  followed  promptly  with  a  coat  of  paint;  for 
rusting  is  apt  to  set  in  quickly.  Mill  scale  can  be  removed  more  easily 
with  a  sand-blast,  if  it  has  been  allowed  to  rust  somewhat. 

The  cleaning  of  old  structures  preparatory  to  painting  is  usually  done 
with  scrapers  and  wire  brushes.  Unfortunately,  the  need  for  thorough 
cleaning  and  its  relation  to  the  life  of  the  paint  that  is  applied  subse- 
quently are  not  sufficiently  appreciated.  If  they  were,  the  use  of  a  port- 
able sand-blast  outfit  would  almost  invariably  be  substituted  for  the 
inefficient  method  of  scrapers  and  brushes.  Before  repainting  a  structure 
all  loose  paint,  rust,  and  dirt  should  be  thoroughly  removed;  but  any 
old  paint  which  adheres  firmly  to  the  steel  may  be  allowed  to  remain. 
The  parts  cleaned  should  have  a  rust-retarding  coating  promptly  applied 
(the  same  as  that  for  the  shop  coat);  then,  when  this  is  thoroughly  dry, 
the  entire  surface  should  receive  the  next  coat. 

It  will  be  found  that  usually  the  horizontal  surfaces  of  a  structure 
show  the  first  signs  of  paint  deterioration.  It  would  be  economy  to  re- 
place the  paint  on  these  portions  oftener  than  on  the  vertical  surfaces. 
As  the  cost  of  proper  cleaning  is  greater  than  that  of  the  painting,  it  is 
better  to  do  less  cleaning  and  more  frequent  painting.  Too  much  stress, 
however,  cannot  be  laid  on  the  matter  of  thorough  cleaning  before  apply- 
ing the  paint. 

Advantage  may  be  taken  of  the  fact  that  light  colors  absorb  less  ra- 
diant energy  from  the  rays  of  the  sun  than  do  dark  colors,  and  hence 
reduce  the  range  of  temperature  variation  in  the  metal.  For  long  swing 
spans,  especially  in  hot  countries,  a  light  colored  paint  would  prevent 
to  some  extent  the  heating  of  the  top  chord  and  the  consequent  dropping 
of  the  ends  of  the  span. 
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There  is  another  method  of  metal  protection  which  has  been  growing 
in  favor  of  kite  years,  and  that  is  the  encasing  of  the  metal  in  concrete. 
The  parts  to  be  protected  are  covered  first  with  a  wire  mesh  and  a  tem- 
porary wooden  form  is  built  around  the  same,  after  which  a  rich  con- 
crete is  poured  in  so  that  the  member  is  completely  covered.  Another 
process  is  to  cover  the  member  with  the  wire  netting,  and,  by  means 
of  an  air  gun,  squirt  a  rich  mortar  against  the  metal.  This  coating  can 
thus  be  made  several  inches  thick,  if  so  desired.  Encasement  of  this  type 
has  been  placed  at  a  cost  of  about  eight  cents  per  square  foot  per  inch 
of  thickness.  Results  of  experiments  along  this  line  will  be  found  con- 
veniently recorded  in  Vol.  15,  page  426,  of  the  Proceedings  of  the  American 
Railway  Engineering  Association.  A  dense  coating  is  desirable  in  order 
to  prevent  absorption  of  water  and  possible  beginning  of  electrolytic 
corrosion. 

In  some  cases  where  a  concrete  casement  has  been  exposed  to  seepage 
from  the  floor  of  a  bridge,  it  has  cracked  and  allowed  the  wire  mesh  rein- 
forcement to  rust  through,  with  the  result  that  the  concrete  has  eventu- 
ally dropped  off  and  left  the  steel  exposed.  This  trouble  can  be  avoided 
by  properly  waterproofing  the  deck.  It  has  also  been  found  that  where 
a  concrete  encasement  is  close  to  the  exhaust  of  the  locomotive,  the 
blast  wears  the  covering  away  rapidly  so  that  additional  protection 
is  needed.  This  is  provided  by  interposing  between  the  blast  and  the 
concrete  a  steel  plate,  which  will  last  several  years  and  then  can  readily 
be  replaced  by  another. 

While  much  valuable  information  on  the  subject  has  been  accumu- 
lated of  late  years,  there  is  still  need  for  more  investigation  and  experi- 
mentation along  the  line  of  effectively  protecting  steel  structures  before 
the  last  word  can  be  written  thereon. 

The  author  is  often  asked  the  question  as  to  what  special  brands  of 
paint  his  experience  would  lead  him  to  consider  the  best  for  metal  work; 
and  he  always  answers  to  the  best  of  his  knowledge  and  belief,  notwith- 
standing any  risk  he  may  run  of  being  charged  with  favoritism — or  worse. 
Most  engineers  are  somewhat  chary  about  expressing  an  opinion  concern- 
ing the  relative  values  of  the  materials  that  are  used  in  competition  on 
their  constructions;  but  the  author  is  of  the  belief  that  an  interchange 
of  technical  knowledge  and  experience  of  all  kinds  is  of  the  utmost  im- 
portance to  the  general  welfare  of  the  engineering  profession.  On  this 
account  he  feels  that  he  would  not  be  justified  in  completing  this  chap- 
ter without  presenting  a  statement  of  his  personal  experience  with  the 
various  kinds  of  bridge  paints;  and  he  herewith  does  so  without  offering 
any  apology  for  such  action. 

The  question  as  to  which  is  the  best  of  all  the  standard  bridge  paints 
is  a  difficult  one  to  answer,  for  some  otherwise  excellent  paints  will  fail 
under  certain  peculiar  conditions.  For  instance,  during  quite  a  long  pe- 
riod; over  a  decade  ago,  the  author  adopted  on  many  of  his  structures 
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the  Detroit  Superior  Graphite  paint,  as  it  gave  quite  satisfactory  results, 
having  a  durability  of  about  five  years;  but  in  his  bridge  over  the  Red 
River  at  Alexandria,  La.,  and  in  a  number  of  spans  on  the  Vera  Cruz  and 
Pacific  Railway  of  Mexico  it  failed  utterly  in  two  or  three  years,  prob- 
ably because  of  the  warm,  moist,  climatic  conditions.  On  this  account 
he  ceased  using  it;  but  lately  he  has  been  informed  by  an  agent  of  the 
manufacturers  that  his  experience  and  consequent  action  constituted  the 
reason  for  their  making  some  extensive  and  elaborate  experiments  upon 
how  to  manufacture  their  product  in  different  ways  so  as  to  suit  climates 
of  all  kinds,  and  that  they  have  succeeded  in  solving  the  problem  to 
their  o\vn  satisfaction.  They  now  employ  a  special  formula  for  each 
type  of  climate,  and  are  ready  to  guarantee  the  durability  of  their  out- 
put when  employed  in  the  proper  country. 

When  building  a  bridge  at  Boca  del  Rio  near  Vera  Cruz,  Mexico, 
within  a  very  short  distance  from  the  Gulf  and  quite  close  to  the  water's 
surface,  the  author  recognized  the  necessity  for  the  adoption  of  the  best 
possible  preservative  against  the  ravages  of  salt  water  in  the  tropics; 
consequently  he  proceeded  to  make  an  investigation  of  what  knowledge 
of  the  subject  had  been  accumulated  by  other  engineers.  He  learned 
that  the  late  A.  J.  Tullock  of  Leavenworth,  Kansas,  before  building  the 
large  wharf  at  Tampico,  Mexico,  had  experimented  in  a  very  thorough 
and  practical  manner  upon  twenty  of  the  best  knowTi  brands  of  bridge 
paints,  and  had  found  that  one  of  them  was  far  superior  to  all  the  others. 
It  was  called  Z.  P.  Leiter's  Air-Drying,  Salt-Water-Proof  Paint,  and  was 
manufactured  in  Chicago.  Upon  the  strength  of  Mr.  Tullock's  recom- 
mendation the  author  applied  it  to  the  bridge  mentioned;  and  five  years 
later  he  was  informed  that  it  was  in  as  good  condition  as  it  was  the  day 
it  was  put  on  Having  occasion  afterward  to  build  some  important 
bridges  for  the  City  of  Vancouver,  British  Columbia,  over  False  Creek, 
an  inlet  from  the  ocean,  he  specified  the  Leiter  paint  for  both  shop  and 
field  coats.  The  metalwork  was  manufactured  in  winter  at  the  shops 
of  the  Dominion  Bridge  Company  near  Montreal;  and  the  coldness  of 
the  steel  prevented  the  paint  from  adhering  to  it,  consequently  its  em- 
ployment had  to  be  abandoned.  It  has  been  reported  that  this  paint 
is  no  longer  procurable,  as  its  manufacturer  is  dead  and  its  formula  is  lost. 
If  such  be  the  case,  the  fact  is  certainly  to  be  deplored;  because  the  paint 
undoubtedly  was  a  most  excellent  covering  for  metalwork  exposed  to  the 
salt  water. 

On  the  Mexican  bridges,  before  mentioned,  five  different  kinds  of  paint 
were  tried  so  as  to  find  the  one  best  suited  to  the  climate  of  the  tierra 
caliente — the  two  already  named,  a  red  lead  paint  mixed  with  Leucol  oil, 
and  two  others  the  names  of  which  have  been  lost.  All  but  the  Leiter 
paint  failed  very  quickly. 

Johnson's  Magnetic  Iron  Oxide  Paint  gave  the  author  good  service 
on  several  important  bridges  many  years  ago,   but   the  manufacturer 
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thereof  once  adulterated  his  product  to  meet  some  close  competition  for 
a  largo  piece  of  elevated  railroad  work  constructed  by  a  friend  of  the 
author's,  hence  the  latter  has  never  since  used  it,  in  spite  of  considerable 
pressure  brought  to  bear  on  him  and  of  many  oft-repeated  promises  on 
the  part  of  the  hianufacturer  "to  be  good"  in  the  future. 

Certain  special  bridge  paints  placed  upon  the  market  by  Lowe  Bros., 
Sherwin-Williams,  Toch  Bros.,  and  the  National  Lead  Company 
give  excellent  results;  but  as  most  paint  companies  manufacture  their 
products  in  varying  degrees  of  excellence  in  order  to  suit  the  purses  of 
all  purchasers,  the  author  cannot  personally  recommend  any  of  their 
brands,  as  he  has  not  used  them  to  any  great  extent.  There  are,  how- 
ever, two  bridge  paints  that  have  always  given  satisfactory  results  on 
the  author's  constructions,  viz.,  the  Goheen  Carbonizing  Coating  and 
Nobrac;  but  he  has  never  used  either  in  the  tropics.  These  two  paints 
seem  to  be  always  uniform  in  quality  and  very  dependable.  The  manu- 
facturer of  the  former  makes  a  practice  of  guaranteeing  his  product 
for  ten  years,  provided  he  be  allowed  to  place  one  of  his  own  trained 
men  on  the  work  to  supervise  its  application.  Such  a  guarantee,  at  first 
thought,  appears  to  be  an  excellent  idea;  but  when  it  is  adopted  there 
generally  arises  so  much  friction  between  the  paint  inspector  and  the 
contractor  for  erection  as  to  make  the  life  of  the  resident  engineer  a  burden 
to  him. 

Red  lead  paint  manufactured  by  the  modem  process  of  grinding  in 
linseed  oil  is  certainly  the  best  of  all  paints  for  the  shop  coat,  but  it  must 
be  honestly  compounded,  honestly  mixed,  and  honestly  applied  in  order 
to  be  truly  effective.  For  the  field  coats  of  bridge  metal  there  is  not 
much  choice  between  several  of  the  best  known  brands  of  carbon  or 
graphite  paints,  including  especially  those  above  mentioned. 
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WOODEN   BRIDGES   AND   TRESTLES 

Although  wooden  bridges  in  some  form  or  other  have  been  used  for 
many  centuries,  and  although  their  design  has  finally  attained  to  a  semi- 
scientific  stage  of  development,  they  are  now  rapidly  becoming  a  thing 
of  the  past.  The  advent  of  cheap  steel,  the  introduction  of  reinforced 
concrete,  the  great  increase  of  live  loads,  and  the  diminishing  supply  and 
deteriorating  quality  of  timber  have  contributed  to  this  result.  However, 
in  some  special  situations  where  timber  is  abundant,  of  good  quality, 
and  reasonable  in  price,  or  where  a  structure  is  wanted  for  a  temporary 
purpose,  it  is  still  true  economy  to  build  wooden  bridges.  Broadly 
speaking,  such  structures  may  be  divided  into  two  classes,  viz.,  truss 
spans  and  trestles. 

Truss  spans  of  timber  construction  are  used  for  openings  that  are  too 
large  to  admit  of  the  load  being  carried  by  any  available  timber  beams. 
They  may  be  of  either  the  deck  or  the  through  type.  The  chords  are 
composed  of  timbers  placed  side  by  side  with  spacers  between  and  bolted 
together  so  as  to  act  somewhat  as  a  luiit.  The  spaces  aiford  drainage 
and  ventilation  and  thus  retard  the  growth  of  the  fungi  that  cause  decay. 
The  web  members  are  sometimes  made  of  planks  forming  a  lattice  work 
of  the  multiple  cancellation  type  like  the  Town  truss,  as  shown  in  Fig. 
1/;  and  in  other  cases  they  consist  of  two  systems  of  diagonals  arranged 
to  take  compression  and  crossing  at  the  central  point  of  panel,  with  steel 
rods  for  verticals,  similar  to  the  Howe  truss  shown  in  Fig.  22p. 

Lateral  })racing  of  timber  of  the  same  type  of  cancellation  located  in 
the  horizontal  planes  of  the  chords  is  employed.  Effective  knee  bracing 
and  portal  bracing  are  difficult  to  secure.  Care  must  be  taken  to  see 
that  the  timbers  of  the  bottom  chords  are  properly  spliced  for  tension 
at  joints  Avith  steel  plates  of  sufficient  net  section  to  develop  the  net  ten- 
sile strength  of  the  wood;  also  that  cast-iron  bearing  or  angle  blocks 
are  employed  to  distribute  the  stress  from  struts  over  sufficient  bearing 
area  of  the  contiguous  timber  to  prevent  the  fibres  thereof  from  being 
crushed.  While  timber  can  develop  considerable  resistance  to  forces  ap- 
plied in  the  direction  of  the  fibres,  it  has  relatively  little  strength  to  re- 
sist tension  across  the  grain,  compression  across  the  grain,  or  longitudinal 
shear.  Its  resistance  is  greatly  affected  by  moisture.  During  wet  weather 
the  wood  becomes  soft  and  squeezes  together,  if  the  transverse  load  on  it 
is  excessive.  When  it  dries  out  it  shrinks,  while  the  load  coming  on  it 
holds  it  down  to  its  smallest  dimension;    and  then  when  wet  weather 
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comes  again,  it  swells  out  at  right  angles  to  the  direction  of  the  load. 
These  alternate  shrinkings  and  swellings  soon  destroy  the  fibre  and  lessen 
materially  the  strength  of  the  timijer.  It  is  essential,  therefore,  to  adopt 
a  small  unit  of  compression  across  the  grain.  To  obtain  these  low  unit 
pressures  it  is  necessary  to  use  iron  bearing  plates  of  ample  proportions. 
Correct  detailing  of  splices  and  joints  will  do  much  to  prolong  the  life 
of  wooden  structures. 

The  floor  system  is  supported  on  cross  beams  every  few  feet  resting 
on  or  suspended  from  the  lower  chords  in  case  of  a  through  span,  or  lying 
upon  the  upper  chords  in  case  of  a  deck  span.  This  loading  produces  a 
l)ending  in  the  chords  that  must  be  taken  into  consideration  and  combined 
with  the  direct  stress  when  proportioning  the  section  of  the  member. 

Timber  trestles  can  be  employed  where  the  conditions  admit  of  using 
supports  about  14  feet  apart  to  carry  the  timber  beams.  These  trestles 
may  be  divided  into  two  general  classes,  viz. : 

First,  Pile-trestles,  or  those  in  which  each  bent  is  formed  of  several 
piles,  a  cap,  and  transverse  sway-bracing;   and. 

Second,  Framed  trestles,  or  those  in  which  each  bent  is  composed 
of  squared  timbers  framed  together  and  braced. 

Owing  to  the  excessive  length  of  piles  required  for  greater  heights, 
pile-trestles  should  rarely,  if  ever,  exceed  thirty  feet  in  height;  while 
framed  trestles,  if  properly  designed  for  rigidity  as  well  as  for  strength, 
may  be  carried  up  to  much  greater  heights,  the  economic  limit  being 
probably  about  one  hundred  feet. 

Pile-Trestles 

The  bents  of  a  pile-trestle  should  contain  at  least  four  piles  each. 
Where  the  trestle  does  not  exceed  ten  feet  in  height,  the  piles  may  be 
driven  vertically,  and  no  sway-bracing  need  be  used,  provided  that  the 
piles  have  a  good  penetration  in  reliable  material.  For  greater  heights 
of  trestle  than  ten  feet,  the  two  outer  piles  of  each  bent  should  be  given 
a  batter  of  from  two  to  three  inches  to  the  vertical  foot.  Each  bent 
should  also  be  braced  ^vith  one  or  two  sets  of  sway-bracing,  each  composed 
of  two  3"  X  10"  yellow-pine  diagonals,  thoroughly  bolted  to  the  piles, 
wherever  they  cross  them,  by  ^"  bolts.  Wherever  the  piles  are  of  irreg- 
ular sizes,  they  should  be  trimmed  off  so  as  to  make  the  diagonal  bracing 
fit  properly. 

The  piles  for  such  bents  should  be  so  spaced  laterally  as  to  give  great 
transverse  rigidity  to  the  structure,  and  at  the  same  time  afford  ample 
support  for  the  caps.  A  good  spacing  is  as  follows :  Distance  from  centre 
to  centre  of  outer  piles,  11' 0";  distance  from  centre  to  centre  of  two 
inner  piles,  4'  6". 

The  caps  should  be  at  least  12"  x  14"  x  14',  placed  on  edge  and 
attached  to  the  piles  by  means  of  %"  drift-bolts. 
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For  ordinary  pile-trestles  in  fairly  firm  soil  no  longitudinal  sway- 
bracing  will  be  required  for  heights  below  ten  feet;  but  for  heights  be- 
tween ten  and  twenty-two  feet,  one-story,  longitudinal  sway-bracing 
should  be  used  in  every  fifth  panel,  so  as  to  prevent  the  structure  from 
moving  longitudinally  as  a  whole  because  of  thrust  of  trains.  For  heights 
greater  than  twenty-two  feet,  each  alternate  panel  should  be  braced  longi- 
tudinally by  two-story  bracing,  so  as  to  hold  the  piles  at  mid-height, 
and  thus  strengthen  them  as  columns;  and  the  transverse  sway-bracing 
for  these  cases  should  also  be  two-story  for  the  same  reason. 

For  ordinary  pile-trestles  up  to  twenty-two  feet  in  height  the  panels 
should  be  a  trifle  less  than  fourteen  feet  in  length,  while  for  greater  heights 
either  the  same  length  may  be  used  or  alternate  panels  may  be  made 
from  twenty-four  to  twenty-eight  feet  long  by  trussing  the  stringers, 
according  to  which  of  the  two  methods  is  the  more  economical. 

The  stringers  under  each  rail  should  be  built  of  three  runs  of  timber, 
generally  sixteen  inches  deep,  the  sizes  being  determined  from  the  load- 
ing by  using  an  intensity  of  two  thousand  pounds  (or  less)  for  the  extreme 
fibre,  when  impact  is  included.  The  stringer  timbers  are  to  be  separated 
from  each  other  at  the  panel  points  by  means  of  timber  packing-blocks, 
which  are  to  serve  also  as  spUce-timbers.  These  timber  blocks  should 
be  at  least  three  inches  thick  and  six  feet  in  length,  and  should  have 
at  least  four  bolts  through  them.  They  are  to  be  separated  from  the 
stringers  by  small  cast-iron  fillers  three-quarters  of  an  inch  thick,  so  as 
to  prevent  the  timbers  from  coming  in  direct  contact  with  each  other. 
The  splice-timbers  must  be  made  wide  enough  to  project  an  inch  or  two 
below  the  bottoms  of  stringers,  and  must  be  notched  over  the  caps  so 
as  to  hold  the  stringers  firmly  in  place.  The  distance  from  centre  to  cen- 
tre of  middle  stringers  should  be  five  feet.  Intermediate  cast-iron  sep- 
arators with  bolts  should  be  used  between  adjacent  stringer-timbers,  at 
distances  not  to  exceed  five  feet  centres.  The  length  of  the  stringer 
timbers  for  ordinary  trestles  should  be  twenty-eight  feet,  so  as  to  ex- 
tend over  two  panels,  and  thus  stiffen  the  floor  system  materially.  The 
ties  should  be  8"  x  8"  x  10'.  They  should  be  dapped  over  the  stringers 
at  least  one-half  inch  and  spaced  thirteen  mches  from  centre  to 
centre. 

Inside  and  outside  guard-rails  should  be  used  for  all  trestles,  and 
at  each  end  of  every  trestle  some  satisfactory  kind  of  re-railing  device 
should  be  employed.  The  outer  guard-rail  should  be  made  of  a  6"  x  8" 
timber  laid  flat  and  dapped  one  inch  on  the  ties.  The  inner  faces  of  the 
outer  guard-rails  should  be  spaced  not  less  than  twelve  inches  from  the 
gauge-planes  of  rails.  The  inner  guard-rail  should  be  5"  x  8"  laid  flat, 
and  dapped  one  inch  on  the  ties.  The  outer  faces  of  the  inner  guard- 
timbers  should  be  placed  five  or  six  inches  inside  the  gauge-planes  of 
rails.  Both  inner  and  outer  guard-rails  should  be  bolted  to  alternate  ties 
by  three-quarter-inch  bolts,  which  must  pass  through  the  stringers  also. 
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The  heads  of  these  bolts  should  be  countersunk  into  the  tops  of  the  guard- 
rails by  means  of  cup-shaped  washers. 

Framed  Trestles 

For  trestles  of  greater  height  than  thirty  feet,  and  for  less  heights 
under  certain  conditions,  it  will  be  necessary  to  use  framed  bents.  The 
foundations  for  these  may  be  provided  by  driving  piles  and  cutting  them 
off  above  the  gromid,  by  using  timber  sills,  or  by  building  small  masonry 
piers. 

In  any  such  trestle  it  will  be  necessary  to  brace  the  structure  thor- 
oughly, both  transversely  and  longitudinally.  All  framing  of  bents  should 
be  done  in  such  a  manner  as  to  tie  all  parts  firmly  together. 

For  very  high  trestles  it  will  be  economical  to  increase  the  lengths 
of  alternate  panels  to  twenty-five  or  even  thirty  feet,  and  truss  the  stringers. 

The  longitudinal  bracing  should  consist  of  diagonals  of  timber  of 
suitable  dimensions,  in  alternate  panels,  with  horizontal  struts  made 
continuous  throughout  all  panels.  In  addition  to  the  transverse  and 
longitudinal  bracing  previously  described,  all  trestles  on  sharp  curves 
should  be  provided  with  a  lateral  system  composed  of  timber  diagonals 
spiked  to  caps  and  to  bottoms  of  stringers. 

In  designing  wooden  bridges  it  would  be  well  thoroughly  to  consider 
the  question  of  renewals,  and  where  possible  to  provide  facilities  for 
making  them.  To  accomplish  this,  sufficient  strength  should  be  pro- 
vided so  that  any  one  piece  of  timber  can  be  taken  out  and  replaced 
A\dthout  endangering  the  structure.  In  this  way,  if  necessary,  the  bridge 
can  be  made  serviceable  for  many  years.  Some  railroad  companies  put 
a  solid  timber  floor  on  their  trestles  and  cover  it  with  ballast  to  support 
the  track.  This  affords  a  fair  protection  against  fire,  decreases  the  noise, 
and  provides  a  better  track  than  does  the  common  type  of  wooden  floor. 
On  the  other  hand,  it  is  rather  expensive  to  build  and  to  maintain,  and  is 
somewhat  difficult  to  inspect.  The  stringers  are  placed  close  together,  thus 
forming  a  solid  floor;  or  else  they  are  covered  with  3"  creosoted  planks. 

To  prolong  the  life  of  a  wooden  structure  creosoted  piles  and  creosoted 
timbers  may  be  used.  When  it  is  necessary  to  saw  off  the  ends  of  the 
piles  or  any  of  the  timbers,  the  cut  surfaces  should  be  painted  thoroughly 
with  creosote.  Specifications  covering  the  treating  of  timber  for  preser- 
vation will  be  found  in  Chapter  LXXIX.  However,  it  is  becoming  more 
and  more  inad\'isable  to  build  wooden  trestles  except  of  the  most  tem- 
porary character,  as  the  live  loads  are  getting  to  be  so  great  that  the  ma- 
terials in  such  structures  are  liable  to  crush  under  excessive  concentra- 
tions. Wooden  trestle  construction  may  be  employed  to  advantage  on 
new  work  to  take  the  place  of  a  high  fill  until  the  railway  is  completed 
when  work  trains  can  be  run  over  it  so  as  to  dump  earth  into  and  around 
the  structure  and  thus  build  the  new  embankment  at  moderate  expense. 
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The  kinds  of  timber  best  adapted  for  wooden  bridges  are  long-leaf 
yellow  pine,  Douglas  fir,  cedar,  and  Western  hemlock.  Those  for  piling 
are  the  ones  just  mentioned  and,  in  addition,  white  oak,  burr  oak,  tama- 
rack, and  cypress. 

The  general  specifications  for  designing  given  in  Chapter  LXXVIII 
will  apply  to  wooden  bridges;  but  will  need  to  be  supplemented  by  the 
following  intensities  of  working  stresses  for  timber,  when  impact  is  included : 

For  the  higher  grade  woods,  such  as  long-leaf  yellow  pine,  Douglas 
fir,  Pacific  Coast  cedar.  Western  hemlock,  and  white  oak: 

Tension 2,000  lbs.  per  square  inch 

Bending  on  extreme  fibre 2,000  lbs.  per  square  inch 

Shear  with  the  grain 280  lbs.  per  square  inch 

Longitudinal  shear  in  beams 180  lbs.  per  square  inch 

Shear  across  the  grain '. 1,600  lbs.  per  square  inch 

Compression  with  the  grain 2,00Q  lbs.  per  square  inch 

Compression  across  the  grain: 

For  white  oak 750  lbs.  per  square  inch 

For  the  other  timbers 400  lbs.  per  square  inch 

Compression  on  columns: 

Under  15  diameters 1,500  lbs.  per  square  inch 

Over  15  diameters 2,000  —  35  -r  lbs.  per  sq.  in., 

where  I  =  length  in  inches,  and  d  =  least  dimension  of  section  in  inches. 

For  the  lower-grade  woods,  such  as  the  soft  pines,  spruce,  tamarack; 

and  redwood: 

Tension 1,500  lbs.  per  square  inch 

Bending  on  extreme  fibre 1,500  lbs.  per  square  inch 

Shear  with  the  grain 160  lbs.  per  square  inch 

Longitudinal  shear  in  beams 120  lbs.  per  square  inch 

Shear  across  the  grain 1,200  lbs.  per  square  inch 

Compression  with  the  grain 1,500  lbs.  per  square  inch 

Compression  across  the  grain 250  lbs.  per  square  inch 

Compression  on  colmnns: 

Under  15  diameters 1,100  lbs.  per  square  inch 

Over  15  diameters 1,500  —  25  -r  lbs.  per  sq.  in., 

where  I  and  d  have  the  same  values  as  before. 

In  grouping  Douglas  fir  with  long-leaf  yellow  pine  and  the  other 
higher  grades  of  woods,  the  author  recognizes  that  he  is  laying  himself 
open  to  possible  criticism,  for  some  of  the  authorities  rank  it  much  lower 
than  the  long-leaf  yellow  pine,  while  others,  such  as  the  American  Railway 
Engineering  Association,  specify  but  little  difference  between  the  two 
woods.  From  an  extensive  experience  in  British  Columbia.  Washington, 
and  Oregon,  with  both  Douglas  fir  and  Pacific  Coast  cedar,  the  author 
is  inclined  to  consider  these  timbers  about  as  good  and  reliable  as  any 
that  can  be  obtained  for  the  building  of  wooden  bridges  and  trestles. 
Their  quality  is  very  uniform  and  they  can  be  purchased  of  large  size 
and  great  length. 
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Allowable  stresses  for  nails,  screws,  dowels,  and  drift  pins  are  given 
on  pages  000  and  001  of  Merriman's  "American  Civil  Engineers'  Pocket- 
Book"  (Second  Edition). 

For  the  detailing  of  wooden  bridges  and  trestles  the  reader  is  referred 
to  Jacoby's  excellent  book  entitled  "  Structural  Details  or  Elements 
of  Design  in  Heavy  Framing,"  and  to  Foster's  well  known  standard 
"Treatise  on  Wooden  Trestle  Bridges." 

In  Figs.  53c  and  5M  are  given  the  costs  of  wooden  trestles  per  lineal 
foot  of  structure  for  various  prices  of  timber  per  M.  ft.  B.  M.  in  place. 
These  figures  are  sufficient  for  Class  50  live  load,  but  for  heavier  loads 
they  must  be  increased  ten  or  fifteen  per  cent  so  as  to  allow  for  a  closer 
spacing  of  the  bents  and  for  a  possible  adoption  of  heavier  posts  or  piles, 
or  both.  For  Classes  55  and  00  it  would  suffice  to  add  ten  per  cent  and 
for  Classes  05  and  70  fifteen  per  cent.  If  piles  of  greater  penetration 
than  those  indicated  on  the  diagrams  are  needed,  the  value  of  the  extra 
lengths  thereof  will  have  to  be  figured  per  lineal  foot  of  trestle  and  added 
to  the  costs  given  on  the  curves.  These  costs  were  computed  for  struc- 
tures on  tangent  or  on  curves  of  less  than  four  degrees.  For  trestles  on 
sharper  curves  it  will  be  necessary  to  add  from  one  to  two  dollars  per 
lineal  foot  in  order  to  provide  for  additional  horizontal  bracing. 

Since  the  preceding  was  written,  the  following  article  has  appeared 
in  a  New  York  newspaper: 

"FIR  LUMBER  AND  THE  BRIDGE  TRUST 

"Although  there  is  no  relation  between  the  two  subjects  so  far  as  known,  it  is  never- 
theless a  striking  coincidence  that  at  a  time  when  some  of  the  western  states  are  enter- 
ing protests  against  the  so-called  bridge  trust,  which  has  to  do  with  steel  work  only, 
there  is  a  renewal  of  interest  in  the  same  section,  and  especially  in  Oregon,  in  wooden 
bridge  construction.  In  Iowa,  it  is  alleged,  the  bridge  trust  favors  and  imposes  old- 
fashioned  methods  while  good  roads  and  good  bridges  demand  progressive  ideas.  In 
Minnesota  the  Legislature  has  taken  cognizance  of  complaints  against  the  method  of 
granting  contracts  to  the  big  bridge  companies.  It  has  been  found  that  contracts  for 
bridges  at  or  about  a  certain  price  almost  invariably  go  to  one  company,  at  a  higher 
price  to  another,  and  so  on,  the  presumption  being  that  an  agreement  exists  between  the 
bridge  construction  concerns  that  is  practically  a  pool.  Since  all  the  western  states 
are  constructing  new,  or  reconstructing  old  highways  in  these  days,  the  matter  of  bridges 
is  a  verj'  important  one.  It  is  important  not  only  as  regards  the  first  cost  of  the  bridges 
but  also  as  concerns  their  maintenance. 

"Many  engineers  and  builders  have  long  insisted  that  wooden  construction  under 
proper  conditions  will  outwear  steel  work.  A  late  issue  of  the  Timherman  contains  a 
testimonial  to  the  lasting  quahties  of  fu-  lumber  in  bridge  construction  from  L.  N.  Roney 
of  Eugene,  Ore.,  who  has  superintended  the  building  of  bridges  in  Lane  county  of  that 
state  during  an  extended  period.  What  he  says  of  fir  is,  we  think,  of  general  interest. 
Speaking  particularly  of  a  wooden,  Smith  truss  bridge,  with  a  span  of  230  feet  across  the 
Willamette  River  at  Eugene,  he  says  that  when  taken  down  two  years  ago,  after  it  had 
serveti  heavy  traffic  for  thirty-seven  years,  its  timbers  were  found  to  be  absolutely  free 
from  all  signs  of  decay.  In  his  opinion,  the  bridge  would  have  been  good  for  as  many 
more  years  had  it  been  po-ssible  to  renew  the  bottom  chord  and  to  replace  the  piers.  The 
trouble  was  with  the  substructure,  not  with  the  bridge.     Mr.  Roney  calls  attention  to  two 
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other  bridges  in  the  same  county,  of  250  feet  span  length,  one  built  more  than  forty 
years  ago,  the  other  four  j^ears  later,  both  of  which  are  in  splendid  condition  so  far  as  the 
span  timbers  are  concerned.  They  also  are  supported  by  wooden  piers  which  must  be 
replaced  every  ten  years.  From  an  experience  which  embraces  the  construction  of  more 
than  forty  wooden  bridges,  Mr.  Roney  draws  the  conclusion  that  a  superstructure  of 
Oregon  fir,  if  built  on  permanent  piers  of  stone  or  concrete,  with  the  spans  carefully  pro- 
tected from  the  weather,  'will  outlast  steel  bridges,  and  certainly  the  upkeep  in  flooring, 
etc.,  is  nothing  in  comparison  to  that  of  an  uncovered  structure.' 

"It  would  be  well  for  county  commissioners  and  state  highway  commissioners  to  look 
a  httle  more  closely  into  the  relative  merit  and  cost  of  steel  and  wooden  bridges.  Good 
roadway  improvement  is  often  postponed  because  of  the  great  expense  of  bridge  con- 
struction. The  question  is,  whether  steel  bridgework  is  preferable  to  wooden,  or  whether 
wooden  construction,  using  home  material  and  employing  home  labor,  thereby  avoiding 
contact  with  unscrupulous  trusts  and  equally  unscrupulous  contractors,  is  not  more 
economical  on  every  ground." 

From  the  preceding  quotation  it  would  appear  that,  on  the  Pacific 
Coast  at  least,  there  is  still  a  chance  for  the  continued  building  of  wooden 
truss  bridges.  If  they  be  properly  constructed,  thoroughly  housed,  and 
effectively  maintained  by  truly  water-proof  roofing  and  siding,  they  would 
certainly  be  more  economic  than  steel  bridges  of  the  same  capacity,  were 
it  not  for  their  one  great  characteristic  weakness — liability  to  destruction 
by  fire. 
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DRAW   BRIDGE   PROTECTION 


Where  there  is  much  traffic  on  a  river  that  is  crossed  by  a  bridge 
having  a  swing  span,  it  becomes  necessary  to  build  a  draw  protection 
so  as  to  prevent  vessels  or  rafts  from  injuring  either  the  draw  span  or 
its  pivot  pier.  The  rest  piers  at  the  ends  of  draw  spans  often  require 
protection  also.  As  dr?.w  protections  are  expensive  and  generally  short- 
Uved,  it  is  well  to  omit  them  when  this  can  be  done  with  comparative 
safety;  but  when  one  does  so,  he  lays  himself  open  to  extortion  by  un- 
scrupulous persons  who  will  intentionally  wreck  a  worthless  old  v,essel 
by  ruiming  it  into  one  of  the  piers  or  the  swing  span  and  sinking  the 
craft,  and  then  claim  excessively  heavy  damages.  This  occurred  once  in 
the  case  of  one  of  the  author's  Missouri  River  bridges;  but  the  black- 
mailing scheme  failed  to  work,  for  one  of  the  interested  parties  gave  such 
a  mass  of  false  evidence  in  his  testimony  that  he  lost  his  case. 

A  complete  draw  protection  costs  ordinarily  from  five  thousand  (5,000) 
to  twenty-five  thousand  (25,000)  dollars,  according  to  the  depth  of  water, 
velocity  of  current,  character  of  river  bed,  length  and  width  of  span, 
variation  of  elevation  between  high  and  low  water,  unit  values  of  the 
materials  used,  character  of  river  traffic  to  protect  against,  frequency  of 
passage  of  vessels  and  rafts,  and  comparative  permanency  of  the  con- 
struction. Except  where  the  water  traffic  is  very  great,  the  tendency 
of  the  designer  is  to  cheapen  the  construction  as  much  as  he  dares;  and 
this  is  generally  advisable,  yet  one  must  draw  the  economic  line  beyond 
the  place  where  the  fife  of  the  protection  is  hable  to  be  shortened  for 
want  of  sufficient  resisting  capacity.  A  draw  protection  to  be  truly  ef- 
fective should  be  about  two  (2)  feet  wider  on  each  side  than  the  swing 
span  itself  in  order  to  prevent  the  upper  works  of  high  crafts  from  strik- 
ing the  superstructure  when  the  span  is  open.  It  is  advisable  to  give  the 
protection  ample  strength  to  resist  all  shocks  wdthout  receiving  any  aid 
from  the  pivot  pier,  for  it  is  generally  bad  policy  to  run  the  risk  of  in- 
jury to  the  latter.  This  suggestion  is  often  violated  by  designers,  who, 
in  order  to  stiffen  their  otherwise  weak  protections,  let  them  abut  against 
the  masonry  of  the  pivot  pier. 

The  correct  theory  in  the  designing  of  any  draw  protection  is  to  give 
it  great  resilience  instead  of  great  rigidity  so  that,  when  struck  a  hea\'y 
blow,  it  will  spring  and  not  break.  Because  of  this  fact  it  is  best  always 
to  build  draw  protections  of  timber.  The  usual  and  most  satisfactory 
type  is  that  composed  of  long  piles,  substantially  capped,  sheathed  with 
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thick  planks,  and  effectively  braced  together  by  timbers  in  both  hori- 
zontal and  vertical  planes.  An  example  of  this  style  of  construction  is 
sho\\Ti  in  Fig.  36a,  which  illustrates  the  draw  protection  for  a  httle  high- 
way and  street  railway  bridge  of  the  author's  over  a  portion  of  the  Fraser 
River  between  the  City  of  New  Westminster  and  Lulu  Island,  in  British 
Columbia.  In  this  case  the  water  is  not  vers'  deep,  but  the  sandy  bed 
of  the  river  is  quite  hable  to  scour;  and  the  water  traffic,  though  not 
frequent,  is  heavy  and  destructive,  for  great  booms  of  large  logs  pass 
through  on  their  way  to  the  sawmills.  The  bridge  being  located  not  far 
from  the  salt-water,  the  current  runs  both  ways,  hence  the  necessity  for 
pointing  both  ends  of  the  fender.  In  this  tjT^e  of  construction  it  is  gen- 
erally necessary  to  protect  all  angles  in  the  faces  by  firmly  attached  steel 
plates — especially  is  this  ad\'isable  where  the  ice-run  is  great  and  de- 
structive. 

In  locations  where  the  teredo  riavalis  and  other  sea  worms  operate,  it 
becomes  necessary  to  use  piles  that  are  imper\aous  to  their  attacks.  Some 
very  hard  woods  from  Austraha  and  from  the  American  tropics  resist  the 
worms  effectively;  but  often  such  timber  is  not  procurable,  hence  it  is 
obhgatory  to  use  soft-wood  piles  and  to  creosote  them  as  heavily  as  pos- 
sible. They  -will  then  last  for  many  j'ears;  but  in  time,  as  the  creosote 
oil  is  slowly  washed  out,  the  teredo  begins  to  get  in  its  work,  and  then 
the  life  of  the  timber  is  limited  to  a  few  years  or  even  to  a  few  months. 

Another  tj^pe  of  draw  protection  consists  of  a  timber  crib  at  each 
end  of  the  construction,  filled  with  large  stones,  to  support  the  outer  ends 
of  two  wooden,  Howe-truss  spans  that  are  built  wide  enough  to  protect 
the  swing  span.  The  inner  ends  generallj^  rest  on  the  caisson  of  the 
pivot-pier,  or  are  attached  to  the  pier  itself,  which,  as  before  stated,  is 
an  objectionable  feature  of  design.  However,  if  the  pier  be  large  in 
diameter  and  well  founded,  it  will  be  able  to  resist  any  shock  that  comes 
to  it  through  the  resilient  timber  truss  spans.  For  the  timber  cribs  filled 
with  stones  may  be  substituted  pile  noses  similar  to  the  ends  of  the  draw 
protection  already  described;  and  near  the  pivot  pier  there  may  be  placed 
pile  bents  to  support  the  inner  ends  of  the  Howe-truss-span  protection. 

The  groups  of  closely  driven  piles  near  the  ends  of  the  rest  piers  of 
the  Lulu  Island  Bridge,  shown  in  Fig.  366,  form  the  best  kind  of  protec- 
tion for  those  portions  of  a  swing-span  bridge,  because  thej''  are  entirely 
detached  from  the  structure,  have  great  resilience,  and  fend  off  most 
effectively  all  blows  from  passing  vessels  and  rafts — moreover,  they  are 
inexpensive.  As  shown  on  the  drawing,  each  fender  consists  of  a  group  of 
piles  driven  in  a  circle  around  a  central  pile  about  as  close  as  they  will  go 
conveniently,  with  their  tops  sprung  together  radially  till  they  are  in  con- 
tact and  l)oun(l  tightly  in  place  l)v  lu>avy  chains. 

As  draw  i^rotections  become  old,  their  lives  may  be  prolonged  by 
replacing  decayed  and  broken  timbers  or  piles;  and  it  is  legitimate  to  do 
this,  because  a  partial  failure  of  the  construction  by  a  blow  from  a  pass- 
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ing  craft  would  not  be  likely  to  involve  serious  injurj'  to  either  the  swing 
span  or  its  pivot  pier,  for,  in  all  jjrobability,  most  of  the  force  of  the  blow 
would  be  exhausted  in  breaking  the  protection.  However,  it  would  not 
do  to  carry  this  economic  idea  to  extremes. 

In  all  draw-protection  work  only  good,  sound,  strong  materials  should 


G£f€fiAL  Layoltt  or  fills 
Fig.  36a.     Draw  Protection  for  the  Lulu  Island  Bridge  in  British  Columbia. 


be  employed,  and  all  connections  should  be  most  thoroughly  made.  Drift- 
bolts,  screw-bolts,  and  spikes  should  be  used  liberally,  for  their  cost  is  a 
bagatelle  compared  ^^^th  the  good  they  do  by  strengthening  the  con- 
struction. Hard  wood  planks,  if  procurable  at  reasonable  cost,  are  ad- 
visable for  the  facing,  but  generally  it  is  necessary  to  use  soft  wood  piles. 
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All  piles  should  be  unusually  straight  so  as  to  permit  the  attaching  of 
the  waling  pieces  without  shimming  or  undue  cutting.  In  connecting 
the  steel  plates  to  the  planking,  the  screw-heads  should,  preferably,  be 
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Fig.  366.    Fender  Piles  for  the  Lulu  Island  Bridge  in  British  Columbia. 


counter-sunk  into  the  metal  in  order  that  there  may  be  no  projecting 
ends  to  be  broken  off. 

For  protecting  the  piers  of  the  opening  spans  of  vertical  lift  and  bas- 
cule bridges  the  best  and  most  economic  method  is  to  put  a  dolphin  or 
group  of  cluster  piles  near  each  end  of  each  supporting  pier,  and,  in  some 
cases,  adding  a  single  line  of  capped  and  faced  piles  along  and  close  to 
the  face  of  each  of  such  piers. 


CHAPTER  XXXVII 

REINFORCED    CONCRETE    BRIDGES  * 

Although  the  first  patents  for  reinforced  concrete  were  taken  out 
some  sixty  years  ago,  as  was  stated  in  Chapter  I,  it  has  been  only  twent}'- 
fivc  years  since  it  was  first  appUed  extensively  to  bridge  construction. 
Its  use  has  increased  so  rapidly  of  late,  however,  that  it  is  today  one  of 
the  most  important  materials  which  the  bridge  engineer  has  at  his  disposal. 

The  design  of  reinforced  concrete  construction  during  the  earlier  stages 
of  its  development  was  largely  empirical,  as  the  nature  of  the  stresses  was 
but  imperfectly  understood.  In  the  late  eighties  more  or  less  rational 
methods  of  analysis  were  evolved,  but  they  were  based  on  rather  limited 
experimental  data.  As  the  use  of  the  material  increased,  a  great  many 
additional  tests  were  made;  and  by  the  close  of  the  century  most  features 
of  design  were  on  a  fairly  j&rm  basis,  although  there  was  still  a  wide  differ- 
ence of  opinion  on  some  important  points.  During  the  past  fifteen  years 
many  experiments  have  been  carried  on  by  various  investigators  in  an 
attempt  to  settle  these  uncertainties;  and  in  the  main  they  have  been 
successful.  No  doubt  the  next  decade  will  see  some  important  additions 
to  our  knowledge  of  the  subject,  but  it  appears  unlikely  that  there  will 
be  many  radical  changes  in  the  methods  of  design  now  prevailing. 

In  1903  and  1904  special  committees  were  appointed  by  the  American 
Society  of  Civil  Engineers,  the  American  Railway  Engineering  and  Main- 
tenance of  Way  Association  (now  the  American  Railway  Engineering 
Association),  the  American  Society  for  Testing  Materials,  and  the  Asso- 
ciation of  American  Portland  Cement  Manufacturers,  to  investigate  cur- 
rent practice,  provide  definite  information  concerning  the  properties  of 
plain  and  reinforced  concrete,  and  recommend  factors  and  formulae  which 
should  be  used  in  designing.  These  special  committees  united  to  form 
a  Joint  Committee  on  Concrete  and  Reinforced  Concrete.  In  1909  that 
committee  presented  a  progress  report  to  the  various  societies  which  it 
represented.  This  report  was  incomplete  and  unsatisfactory  in  some  re- 
spects, due  largely  to  a  lack  of  time  for  settling  certain  differences  of  opin- 
ions among  the  members  of  the  committee.  In  1913  a  second  progress 
report  was  made  after  all  doubtful  points  had  been  cleared  up  and  every- 

*  All  the  original  features  of  this  chapter,  except  as  otherwise  credited,  are  the 
work  of  Mr.  Shortridge  Hardesty,  as,  in  truth,  is  the  whole  chapter  (of  course,  under 
the  direct  supervision  of  the  author),  excepting  only  that  the  data  for  field  work  were 
furnished  by  Mr.  N.  Everett  Waddcll,  and  that  the  entire  chapter  after  completion 
was  given  a  thorough,  systematic,  and  detailed  check  by  Mr.  Herman  H.  Fox. 
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thing  had  been  put  into  satisfactory  shape.  This  1913  report  is  to  be  found 
in  Vol.  LXXVII  of  the  Trans.  A.  S.  C.  E.  (December,  1914),  Vol.  XIII 
of  the  Proceedings  of  the  American  Society  for  Testing  Materials  (1913), 
and  Vol.  II  of  Hool's  "Reinforced  Concrete  Construction";  and  an  ab- 
stract of  the  more  important  portions  of  it  appeared  in  Engineering  News 
of  February  6,  1913.  It  is  undoubtedly  at  present  the  highest  authority 
in  America  on  the  design  of  reinforced  concrete.  It  covers  a  good  many 
practical  considerations  concerning  the  uses,  component  materials,  and 
construction  of  reinforced  concrete,  and  treats  thoroughly  the  methods 
of  design. 

The  Canadian  Society  of  Civil  Engineers  adopted  at  the  1915  Annual 
Meeting  a  "Standard  General  Specification  for  Concrete  and  Reinforced 
Concrete."  The  provisions  of  this  specification  are  in  close  agreement 
with  the  1913  Report  of  the  Joint  Committee. 

The  Engineering  Experiment  Station  of  the  University  of  Illinois 
conducts  every  year,  under  the  direction  of  Prof.  A.  N.  Talbot,  a  large 
number  of  valuable  experiments  on  reinforced  concrete,  the  results  of 
which  are  published  from  time  to  time  in  the  bulletins  of  the  university. 
These  bulletins  will  be  mailed  to  any  one  desiring  them;  and  every  bridge 
engineer  should  avail  himself  of  the  privilege,  for  the  tests  reported  therein 
are  among  the  most  important  that  are  being  conducted  at  present. 

As  the  theory  of  reinforced  concrete  is  well  handled  in  a  number  of 
text-books,  little  space  will  be  devoted  to  it  in  this  treatise.  The  two 
books  which  have  been  used  most  extensively  in  the  author's  office  are 
"Concrete,  Plain  and  Reinforced,"  by  Taylor  and  Thompson,  and  "Prin- 
ciples of  Reinforced  Concrete  Construction,"  by  Turneaure  and  Maurer. 
The  former  contains,  in  addition  to  the  theory,  a  great  deal  of  valuable 
information  regarding  the  materials  of  which  concrete  is  made,  proper 
methods  of  testing  and  proportioning,  etc.;  while  the  latter  gives  the 
more  complete  treatment  of  the  theory  of  the  subject.  There  is  no  dis- 
agreement of  any  importance  between  the  two  works.  Hool's  "Rein- 
forced Concrete  Construction"  has  also  been  utilized  to  some  extent  of 
late.  It  presents  a  very  clear  exposition  of  the  subject,  especially  in 
regard  to  the  distribution  of  internal  stresses  in  beams.  Much  of  its 
theory  has  been  taken  directly  from  the  two  books  previously  mentioned, 
as  is  stated  in  the  preface.  While  the  three  texts  contain  a  great  deal 
that  is  in  common,  the  engineer  who  desires  to  have  a  full  knowledge 
of  the  subject  will  do  well  to  read  all  of  them,  as  certain  phases  thereof 
are  treated  from  different  points  of  view  by  the  three  writers.  Any  one 
of  them,  however,  if  carefully  studied,  will  give  the  reader  a  very  good 
working  knowledge  of  the  methods  of  design. 

Several  other  texts  might  be  mentioned,  some  of  which  in  many  respects 
are  as  good  as  the  three  discussed  above.  "Concrete-Steel  Construction," 
a  translation  by  E.  P.  Goodrich,  Esq.,  C.  E.,  of  Prof.  Emil  Morsch's 
"Der  Eisenbetonbau,"  should  be  especially  noted,  not  only  on  account  of 
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its  excellent  presentation  of  tiio  theory  of  the  subject,  but  also  because 
it  gives  a  good  treatment  of  European  methods  of  design  and  construc- 
tion. It  contains  the  ''Preliminary  Kecommendations  (Leitsiitze)  for  the 
Design,  Construction,  and  Testing  of  K(>inforce(l  Concrete  Structures," 
prepared  in  1904  by  the  \'erbantl  Deutscher  Architekten  und  Ingenieur 
\'erein  and  the  Deutscher  Beton  Verein;  and  also  the  "Regulations  of 
the  Royal  Prussian  INIinistry  of  Public  Works  for  the  Construction  of 
Reinforced  Concrete  Buildings,"  dated  May  24,  1907. 

The  page  references  in  this  chapter  to  Turneaure  and  Maurer's  "  Prin- 
ciples of  Reinforced  Concrete  Construction"  are  to  the  1909  edition; 
those  to  Hool's  ''Reinforced  Concrete  Construction"  are  to  the  first  edi- 
tion; and  those  to  "Concrete,  Plain  and  Reinforced,"  by  Taylor  and 
Thompson,  to  the  1909  edition. 

Attention  is  called  to  the  fact  that  the  treatment  of  reinforced  con- 
crete retaining  walls  is  given  in  Chapter  XLIII. 

Fundamental  Assumptions  in  Designing 

Since  the  stresses  in  a  reinforced  concrete  member  depend  upon  the 
mutual  actions  of  the  steel  and  concrete,  it  is  necessary  for  designing  pur- 
poses to  make  a  number  of  assuimptions  regarding  the  said  actions.  The 
"Specifications  for  Design"  given  at  the  close  of  this  chapter  enumerate 
the  assumptions  which  are  to  be  used,  in  nearly  the  same  form  as  they 
are  presented  in  the  1913  Report  of  the  Joint  Conunittee.  Practically 
identical  assumptions  are  made  by  all  of  the  other  authorities  quoted 
above  (including  "Der  Eisenbetonbau ") ;  and  the  author  sees  no  good 
reason  for  not  agreeing  with  them  in  every  respect.  It  is  true  that  some 
of  them  are  not  exactly  in  accordance  with  the  facts,  but  the  resulting 
unit  stresses  are  not  much  affected  thereby,  any  appreciable  errors  being 
on  the  side  of  safety;  and  as  they  make  the  analysis  simpler,  it  is  better 
to  adopt  them.  A  very  good  discussion  of  the  various  assumptions  that 
are  used  more  or  less  at  present  is  to  be  found  in  Turneaure  and  Maurer's 
"Principles  of  Reinforced  Concrete  Construction." 

Notation 

The  notation  to  be  used  in  the  various  portions  of  this  chapter  is 
collected  here  for  ready  reference.  The  "Standard  Notation"  of  the 
1913  Report  of  the  Joint  Committee  has  been  followed,  with  such  addi- 
tions as  were  found  necessary.  The  symbols  given  under  the  heading 
"Rectangular  Beams"  ^vill,  in  general,  be  used  throughout  the  chapter; 
but  the  others  will  be  employed  only  in  the  connection  for  which  they 
are  defined. 

Rectangular  Beams 
(See  Fig.  37a) 
Es  =  modulus  of  elasticity  of  steel, 
Ec  =  modulus  of  elasticity  of  concrete, 
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h  =  breadth  of  beam, 

d  =  depth  of  beam,  from  compression  face  to  centre  of  steel, 
As  =  area  of  tensile  steel, 
Ai  =  area  of  one  inclined  bar, 
A^  =  area  of  one  vertical  bar  in  a  vertical  stirrup, 

p  =  steel  ratio  for  tensile  steel  =  7^, 

od 

0  =  perimeter  of  one  bar  in  tensile  reinforcement, 
2  o  =  sum  of  perimeters  of  bars  in  tensile  reinforcement, 
Wj  =  number  of  inclined  bars  in  one  row, 
m»  =  number  of  vertical  bars  in  one  vertical  stirrup, 
St  =  horizontal  spacing  of  rows  of  inclined  bars, 
Sp  =  spacing  of  vertical  stirrups, 
k  =  ratio  of  distance  of  neutral  axis  from    compression   face  to 

depth  d, 
z  =  distance  of  resultant  compression  from  compression  face, 
j  =  ratio  of  lever  arm  of  resisting  couple  to  depth  d, 
Rg  =  "coefficient  of  resistance"  relative  to  the  steel, 
Re  =  "coefficient  of  resistance"  relative  to  the  concrete, 
R  =  "coefficient  of  resistance"  in  general, 
Mg  =  moment  of  resistance  relative  to  the  steel, 
Mf.  =  moment  of  resistance  relative  to  the  concrete, 
M  =  bending  moment,  or  moment  of  resistance  in  general, 
V  =  total  shear  on  section, 
C  =  total  compressive  stress  in  concrete, 
T  =  total  tensile  stress  in  steel, 
fg  =  unit  tensile  or  compressive  stress  in  steel, 
fc  =  maximum  unit  compressive  stress  in  concrete, 
V  =  maximum  unit  shear  on  cross-section, 
u  =  unit  bond  stress, 
Vc  =  amount  of  shear  taken  by  concrete, 
Vy,  =  amount  of  shear  taken  by  web  reinforcement, 
Vi  =  amount  of  shear  taken  by  inclined  bars, 
V^  =  amount  of  shear  taken  by  vertical  stirrups, 
Vc  —  portion  of  maximum  unit  shear  v  taken  by  concrete, 
Vw  =  portion  of  maximum  unit  shear   v   taken  by  web  reinforce- 
ment, 
Vi  =  portion  of  maximum  unit  shear  v  taken  by  inclined  bars, 
Vp  =  portion    of    maximimi    unit    shear    v     taken     by     vertical 

stirrups, 
Pi  =  stress  in  one  inclined  bar, 
Pv  =  stress  in  one  vertical  bar  of  a  vertical  stirrup. 
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Rectangular  Beams  Reinforced  for  Compression 

(See  Fig.  S7d) 

d'  =  distance  from  compression  face  to  centre  of  compressive  steel, 

A'g  =  area  of  compressive  steel, 

A'' 
p'  =  steel  ratio  for  compressive  steel  =  ~, 

bd 

Pc  =  tensile  steel  ratio  required  when  no  compressive  reinforcement 
is  used  and  the  values  of  /^  and  fg  are  both  the  critical  ones 
(as,  for  example,  GOO  and  16,000), 

C  =  total  stress  in  compressive  steel, 

f'g  =  unit  stress  in  compressive  steel. 

T-Beams 

(See  Fig.  S7g) 
b  =  \\idth  of  flange, 
b'  =  width  of  stem, 
t  =  thickness  of  flange, 

p  =  steel  ratio  for  tensile  steel  =  r^. 

bd 

Rectangular  Beam,s  of  Varying  Depth 
(See  Fig.  37i) 
/3  =  angle  between  compression  face  and  a  normal  to  the  direction 

of  2P, 
/S'  =  angle  between  reinforcement  and  a  normal  to  the  direction  of 
2P, 

p  =  steel  ratio  for  tensile  steel  =  r^,, 

bd 


= 

p  cos  /3' 

Pi 

cos^  ^  ' 

R's 

= 

Rs 
cos^  /S' 

R'c 

= 

Re 

Y\  =  amount  of  shear  carried  by  concrete  and  web  reinforcement. 

Columns  under  Direct  Stress  Only 

A  =  total  area  of  cross  section  for  column  without  hooping,  or  area 

enclosed  by  hoops  for  hooped  columns, 
Ac  =  total  area  of  concrete  for  column  without  hooping,   or  area 

enclosed  by  hoops  for  hooped  columns, 
Ai  =  area  of  longitudinal  steel, 
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pi  =  steel  ratio  for  longitudinal  steel  =  — , 

P  =  total  direct  load,  or  total  safe  direct  load, 

P 

f  =  average  unit  stress  for  entire  section  =  — . 

A 

Rectangular  Beams  and  Columns  under  Flexure  and  Direct  Stress,  with 
Reinforcement  in  Tension  Face  Only.     Tension  on  Part  of  Section 

(See  Fig.  37/) 

P  =  normal  component  of  resultant  force  acting  on  section.  To  be 
considered  as  positive  when  P  is  compressive,  and  negative 
when  P  is  tensile, 

e'  =  distance  from  centre  of  steel  to  line  of  action  of  P.     To  be 
considered  as  positive  when  P  is  compressive  and  lies  on  the 
same  side  of  the  steel  as  C;   negative  when  P  is  tensile  and 
lies  on  the  opposite  side  of  the  steel  from  C, 
M'  =  moment  of  P  about  the  centre  of  the  steel  =  Pe'. 

Rectangular  Beams  and  Columns  under  Flexure  and  Direct  Stress,  with 
Reinforcement  in  both  Faces 

(See  Figs.  37n  and  37p) 

h  =  total  depth  of  section, 

d'  =  distance  of  compressive  steel  from  compression  face, 
a  =  distance  from  steel  to  centre  of  section  for  symmetrical  rein- 
forcement, 
c  =  distance   from   compression  face   to   centroid   of  transformed 

section  (  =  —  for  symmetrical  reinforcement), 

A\  —  area  of  steel  near  compression  face, 

p  =  steel  ratio  for  tensile  steel  =  7-7, 

oh 

A' 
p'  =  steel  ratio  for  compressive  steel  =  — ^, 

At  =  area  of  transformed  section, 

Ic  =  moment  of  inertia  of  concrete  about  centroid  of  transformed 

section, 
Ig  =  moment  of  inertia  of  steel  about  centroid  of  transformed  section, 
It  =  moment  of  inertia  of  transformed  section  about  the  centroid 

thereof, 
k  =  ratio  of  distance  of  neutral  axis  from  compression  face  to  depth  h, 
P  =  normal  component  of  resultant  force  acting  on  the  section, 
e  =  eccentricity  of  P,  or  distance  from  the  centre  of  the  section  to 

the  line  of  action  of  P, 
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Ct  =  distance  from  the  ccntroid  of  the  transformed  section  to  the 

hue  of  action  of  /■*, 
M  =  moment  of  P  about  the  centre  of  tlie  section  =  Pe, 
Ml  =  moment  of  P  about  the  centroid  of  tlie  transformed  section  = 

Pct, 
f's  =  unit  stress  in  steel  near  compression  face, 
f'c  =  minimum  unit  compressive  stress  in  concrete, 

P 

f  =  average  stress  over  entire  section  =  — . 

on 

Moments  of  Inertia  of  Beams,  Columns,  and  Arch  Ribs 
a  =  coefficient  in  the  equation  I  =  a  bd^. 

The  Calculation  of  Stresses  in  Arch  Ribs  with  Fixed  Ends 
(See  Fig.  37M) 

I  =  length  of  span  of  arch, 

r  =  rise  of  arch, 
X,  y  =  co-ordinates  of  any  point  with  reference  to  the  crown 
C  as  an  origin,  y  being  positive  when  measured  down- 
ward, and  X  being  positive  in  each  half  when  measured 
from  the  crown  toward  the  springing, 

a  =  angle  of  inclination  of  the  axis  at  any  point, 

/3  =  angle  of  inclination  of  the  axis  at  the  springing, 

L  =  length  of  rib,  measured  along  the  axis  i  =  2  j  ds), 

b  =  width  of  rib  at  any  point, 
bg  =  width  of  rib  at  crown, 
6g  =  width  of  rib  at  springing, 

h  =  thickness  of  rib  at  any  point,  measured  normally  to  axis 
ho  =  thickness  of  rib  at  crown,  measured  normally  to  axis, 
hs  =  thickness  of  rib  at  springing,  measured  normally  to  axis, 
A  —  area  of  rib  at  any  point,  or  area  of  concrete  plus  n  times 

area  of  steel, 
Ao  =  area  of  rib  at  crown,  or  area  of  concrete  plus  n  times 

area  of  steel, 
/  =  moment  of  inertia  of  rib  at  any  point,  or  moment  of 

inertia  of  concrete  plus  n  times  moment  of  inertia  of 

steel, 
Iq  =  moment  of  inertia  of  rib  at  crown,  or  moment  of  inertia 

of  concrete  plus  n  times  moment  of  inertia  of  steel, 
/g  =  moment  of  inertia  of  rib  at  springing,  or  moment  of 

inertia  of  concrete  plus  n  times  moment  of  inertia 

of  steel, 
E  =  coefficient  of  elasticity  of  the  concrete,  to  be  taken  as 
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2,000,000   when  dimensions  are  in  inches,   and  as 
288,000  000  when  they  are  in  feet, 
0)  =  coefficient  of  linear  expansion  of  concrete  (  =  0.000006), 
t  =  change  of  temperature  in  degrees  Fahrenheit,  positive 
when  the  temperature  rises,  negative  when  it  falls, 
Pi,  P2,  Ps,  etc.,  =  any  loads  on  the  arch,  acting  in  any  direction, 
Po  =  equivalent  uniform  load  at  crown, 
Ps  =  equivalent  uniform  load  at  springing, 

Ps 

u  =  — , 

Vo 

p  =  equivalent  uniform  load  at  any  point. 
Ho,  Vo^  Mo  =  thrust,  shear,  and  moment  at  crown,  positive  when 
acting  in  the  directions  indicated  in  Fig.  S7hh, 
Ha,  Ma  =  thrust  and  moment  at  crown  from  arch  shortening, 
Ht,  Ml  =  thrust  and  moment  at  crown  from  temperature  change. 
Ct  =  coefficient  of  temperature  thrust  in  Equation  193, 
2/0  =  vertical  distance  from  crown  to  plane  of  contraflexure 

for  arch  shortening  and  temperature  change, 
Ti  =  normal  thrust  at  any  section  in  left  half  of  rib,  positive 

when  compressive, 
Tf  =  similar  quantity  for  right  half  of  rib, 
T  =  normal  thrust  in  general, 
Tg  =  normal  thrust  at  the  springing, 

Si  =  shear  at  any  section  in  lelt  half  of  rib,  positive  when 
producing  shearing  stress  in  the  same  direction  as 
Vo  in  Fig.  Slhh, 
Sr  =  similar  quantity  for  right  half  of  rib, 
Vi  =  vertical  component  of  Ti  at  any  point  in  left  half  of 
rib  positive  when  acting  in  the  same  direction  as  V^ 
in  Fig.  Z7hh, 
Vr  =  similar  quantity  for  right  half  of  rib, 
Vs  =  vertical  component  of  the  thrust  at  the  springing, 
V'l  =  sum  of  vertical  components  of  loads  on  rib  between 
crown  and  any  section  in  left  half  of  rib,  positive 
when  acting  downward, 
V\  =  similar  quantity  for  right  half  of  rib, 
H'l  —  sum  of  horizontal  components  of  loads  on  rib  between 
crown  and  any  section  in  left  half  of  rib,  positive 
when  acting  in  the  same  direction  as  Ho  in  Fig.  Z7hh, 
H'r  =  similar  quantity  for  right  half  of  rib. 
Ml  =  actual  bending  moment  at  any  section  in  left  half  of 
rib,    positive   when   causing   compression   in   upper 
fibres, 
Mr  =  similar  quantity  for  right  half  of  rib, 
M  =  actual  bending  moment  in  general, 
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M,  =  actual  bending  moment  at  springing, 
Cm  =  moment  coefficient  in  Equation  180, 
M'l  =  moment  at  any  section  in  the  left  half  of  rib  due  to 
external  loads  on  the  said  half  between  the  crown  and 
the    section    considered  {Ho,   ¥„,  and  Mo  being  re- 
moved), positive  when  causing  compression  in  the 
upper  fibres, 
M'r  =  similar  quantity  for  right  half  of  rib, 
Ng  =  number  of  equal  parts  into  which  each  half  of  the  hori- 
zontal projection  of  the  rib  is  divided  for  writing 
equation  of  rib, 
N  =  number  of  any  division  point,  that  of  the  crown  being 
taken  as  zero, 

-^  =  niunber  of  equal  parts  into  which  each  half  of  the  hori- 
zontal projection  of  rib  is  divided  for  integration  pur- 
poses, 

ds  =  length  of  a  division  of  the  arch  rib  for  integration, 
measured  along  the  axis, 

Ci      /*f^-5     ryds      Cy'ds     fxds      CxHs     C  sec  ads     PM'ids 
rM'r  ds     rU'i  yds     rM\  yds     rM'i  xds     rM\xds 

J     I     J     7      J     I    '  J  ~~i    '  J  ~T~ 

=  summations  or  integrations  taken  for  one-half  of  rib  only, 
rM'ds  _    rU'ids         CM'r  ds 

CM'yds     _     CM' I  yds         CM^yds 

pfxds    _    PM'i  xds         rM'rCL 


yXds 


Formula  and  Diagrams  for  Designing  Beams  and  Columns 

In  the  following  pages  there  are  given  various  formulae  and  diagrams 
for  designing  reinforced  concrete  members.  Some  of  these  have  already 
appeared  in  the  Report  of  the  Joint  Committee,  in  various  text  books,  and 
in  technical  papers ;  while  others  have  not  been  published  hitherto,  so  far 
as  the  author  knows.  They  have  been  grouped  together  for  the  con- 
venience of  the  busy  engineer.  A  brief  discussion,  covering  the  deriva- 
tion of  the  new  formulae  and  diagrams  and  the  sources  from  which  the 
others  have  been  taken,  will  first  be  given;  and  this  should  be  read  in 
conjunction  with  the  study  of  the  formulae  and  diagrams  themselves. 
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The  derivation  of  the  formulae  for  rectangular  Ijeams  can  be  found 
in  any  of  the  text-books  on  reinforced  concrete.  Fig.  376  is  the  well- 
known  French  diagram,  first  published  by  A.  W.  French,  Esq.,  M.  Am. 
Soc.  C.  E.,  in  the  Trans.  Am.  Soc.  C.  E.,  Vol.  LVI.  The  method  of 
plotting  Fig.  37c  needs  no  explanation. 

The  formulae  for  rectangular  beams  reinforced  for  compression  are 
standard.  Fig.  37e  was  adapted  from  a  diagram  given  by  Samuel  Klein, 
Esq.,  C.  E.,  in  Engineering  Record  of  August  30,  1913,  but  is  believed  to 
be  a  decided  improvement  thereon.  Figs.  37e'  and  37/  were  worked  up 
from  the  curves  of  Fig.  37e.  The  formulae  assume  that  the  use  of  com- 
pression steel  adds  n  times  its  area  to  the  section,  rather  than  n  —  1  times 
its  area,  which  is  the  correct  amount.  This  introduces  errors  of  about  one 
or  two  per  cent  on  the  danger  side  in  the  concrete  stresses.  As  no  material 
simplification  of  the  formulae  is  obtained  by  using  n  rather  than  n  —  1,  it 
is  difficult  to  see  why  the  practice  has  been  followed;  but  the  author 
has  concluded  to  adopt  the  formulae  universally  used,  as  the  errors  are 
negligible.     Exact  results  can  be  obtained  by  entering  the  various  dia- 

14 

grams  with  a  value  of  p'  equal  to  —  of  that  employed  in  the  actual  beam. 

The  formulae  given  for  T-beams  are  standard.  Fig.  37/i  is  similar  in 
arrangement  to  Fig.  37e;  and  Fig.  37h'  was  worked  up  from  the  curves 
of  Fig.  S7h. 

Formulae  for  rectangular  beams  of  varying  depth  are  developed  in 
articles  by  W.  Cain,  Esq.,  M.  Am.  Soc.  C.  E.,  entitled  "Stresses  in  Wedge- 
Shaped  Reinforced  Concrete  Beams,"  which  were  published  in  Vol. 
LXXVII  of  the  Trans.  Am  Soc.  C.  E.,  and  in  the  Proc.  Am.  Soc.  C.  E.  of 
December,  1914.  However,  Equations  85,  86,  and  139  had  been  devel- 
oped independently  in  the  author's  office  several  years  earlier  by  E.  A. 
Slettum,  Esq.,  C.  E.  The  quantities  pi,  R's,  and  R'c  are  introduced  in 
order  to  facilitate  the  plotting  of  Fig.  37^,  which  was  drawn  up  specially 
for  this  treatise.  The  lower  right-hand  portion  of  this  diagram  is  a  graph- 
ical representation  of  Equations  82  and  84,  and  is  evidently  the  same 
as  Fig.  376.  The  lower  left-hand  portion  expresses  the  equations  defin- 
ing R'g  and  R'c  in  terms  of  Rg,  Re,  and  /3;  and  the  two  upper  portions, 
the  equation  defining  pi  in  terms  of  p,  |8,  and  jS'. 

The  formulae  for  columns  under  direct  stress  only  are  standard.  The 
vnethod  of  drawing  Fig.  37A;  requires  no  explanation. 

The  equations  for  the  design  of  beams  under  flexure  and  direct  stress 
with  reinforcement  in  one  face  only  have  not  been  published  previously, 
so  far  as  the  author  knows,  and  it  is  therefore  necessary  to  give  the  deri- 
vation for  them  here.     See  Fig.  371. 

As  in  the  case  of  beams  under  flexure  only,  we  may  evidently  write 

^  =  ^-^,  [Eq.  1.1 

nfc  k 
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which  is  the  same  as  Equation  100,  but  is  in  a  different  form.  Since  the 
algebraic  sum  of  the  compressive  and  tensile  forces  must  equal  P,  we 
have  the  equation 

\fcbkd  -  f.pbd  =  P;  [Eq.  2] 

and  since  the  moment  of  P  about  the  centre  of  the  reinforcement  must  be 
balanced  by  the  moment  of  the  compressive  stresses  on  the  section  about 
the  same  point,  we  may  write 

^fMd  (1  -  |)  d  =  Pe'  =  M'.  [Eq.  3] 

The  product  Pe'  is  always  positive,  since  P  will  always  have  the  same 
sign  as  e'.  (See  Notation.)  By  substituting  the  value  of  /g  from  Equa- 
tion 1  into  Equation  2,  we  have 

^fMd  -  nf.pbd  ^-^  =  P;  [Eq.  4] 

and  on  dividing  this  latter  equation  by  Equation  3,  we  find 


1  ,  1-k 

e 


This  latter  equation  may  be  put  into  the  form 

k^-2np(l  -  k)       d 


[Eq.  5] 


(-1) 


e' 
3  ' 


[Eq.  6] 


which  is  the  same  as  Equation  96;    and  Equation  3  may  be  written 

M'  =  ^f,k{l  -  ^  )  bd'^  =  \fckjbd\  [Eq.  7] 

which  is  Equation  99. 

In  order  to  draw  convenient  working  diagrams,  we  put 

\fck3=Rc-  [Eq.8l 

The  lower  portion  of  Fig.  37w  is  a  graphical  representation  of  this  formula; 
and  to  it  there  have  been  added  curves  for  fg,  drawn  by  means  of  Equa- 
tion 1.  The  upper  portion  of  Fig.  37m  is  a  graphical  representation  of 
Equation  6,  which,  as  previously  stated,  is  the  same  as  Equation  96. 

The  device  of  taking  moments  about  the  centre  of  the  steel  was  pro- 
posed by  C.  W.  Yelm,  Esq.,  C.E.,  who  also  derived  Equations  6  and  7. 
Fig.  37m  was  worked  up  directly  for  this  treatise. 
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The  equations  for  beams  and  colmnns  under  flexure  and  direct  stress 
with  reinforcement  in  both  faces  are  similar  to  those  given  in  Turneaure 
and  Maurer's  "Principles  of  Reinforced  Concrete  Construction,"  to  which 
book  the  reader  is  referred  for  their  derivation.  In  Equations  113  and 
114  of  Case  II  there  have  also  been  given  the  values  of /^  and/'c  in  terms 
of  the  direct  load,  as  the  use  of  the  expression  involving  the  moment 

does  not  give  accurate  results  for  small  values  of—  unless  the  calcula- 
tions are  carried  out  to  several  significant  figures.       In  these  expres- 

P  1 

sions,  the  quantity  7-7  •  z — — z —  is  the  unit  stress  due  to  direct  load,  and 
oh    1  -\-  2np 

P        e  1 

,—  ■  6  -;-  • is  that  due  to  the  moment.     The  derivation  of  these 

bh       h  a} 

1  +  2np— 

two  quantities  needs  no  explanation.      The  full  lines  of  Fig.  37o  were 

drawn  by  means  of  Equations  113  and  114  for  three  values  of  — ;    and 

the  dotted  lines  on  this  same  figure  were  derived  from  the  curves  of  Fig. 

d' 
Zlq.     The  latter  diagram  applies  for  the  same  three  values  of  —  as  does 

Fig.  37o.  The  full  lines  of  Fig.  37g  give  the  same  information  as  is  given 
by  Plate  XIV  of  Turneaure  and  Maurer's  book,  and  the  dotted  lines  the 
same  as  by  Plate  XIII  of  that  text;    but  the  diagrams  are  drawn  for 

h  e  .  . 

values  of  —  rather  than  — ,  thus  keeping  the  lines  for  values  of  p  from 
e  h, 

running  too  close  together  for  small  values  of  — ,  and  at  the  same  time 

making  it  possible  to  include  on  the  drawing  all  values  of  —  ranging  from 

0.1  to  infinity  (since  —  is  made  to  vary  from  10  to  0).  It  will  be  noted 
that  the  diagrams  of  Figs.  37o  and  2>lq  overlap,  there  being  a  considerable 
range  of  values  of  —  —  from  about  ){  to  ){  —  for  which  either  figure  is 

applicable  for  all  plotted  values  of  p.  The  comment  made  previously, 
when  referring  to  double  reinforced  beams,  concerning  the  use  of  n  times 
the  area  of  the  compressive  steel  rather  than  71  —  1  times  the  area 
thereof,  applies  to  the  formulse  and  diagrams  for  beams  and  columns 
under  flexure  and  direct  stress  vnih.  reinforcement  in  both  faces;  and  the 
error  can  be  allowed  for  in  the  same  manner. 

The  formulae  for  the  calculation  of  unit  shearing  and  bond  stresses 
are  standard.     A  very  complete  study  of  bond  stresses  was  made  by 
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Duff  A.  Abrams,  Esq.,  C.E.,  at  the  University  of  Illinois,  and  the  report  was 
pubHshod  in  Bulletin  No.  71  of  that  institution. 

The  formuhie  given  for  the  design  of  web  reinforcement  are  standard. 
They  should  be  recognized  as  being  more  or  less  tentative,  as  our  knowl- 
edge of  the  action  of  such  reinforcement  is  still  incomplete.  The  formulae 
assume  that  all  web  reinforcement  is  fully  developed  at  the  tension  rein- 
forcement and  also  Avithin  the  compression  area,  so  that  the  full  tensile 
strength  thereof  is  available  from  the  tension  reinforcement  to  the  neutral 
axis.     Fig.  37r  was  plotted  by  means  of  Equations  130  and  135. 


Rectangular  Beams 
Position  of  neutral  axis. 


k  =   y  2pn  +  {pny  —  pn  = 
=  f  roughly. 

re 


nfc 


Fig.  37a. 
Arm  of  resisting  couple, 

i  =  1  -  H, 

=  I  approximately. 
CoeflBcients  of  resistance, 

Rs  =  fsPJ, 
Re   —    2  Jc  f^J- 

Moments  of  resistance, 

M,=fspjbd'  =  R.bd', 

=  fs  Agl  d  approximately, 
Mc  =  hfckjbd'  =  R,bd\ 
=  Ifcbd^  roughly. 
Fibre  stresses, 

M  M         kfc 


[Eq.  9] 
lEq.  10] 


[Eq.  11] 

[Eq.  12] 

[Eq.  13] 

[Eq.  14] 

[Eq.  15] 

[Eq.  16] 

[Eq.  17] 

[Eq.  18] 

/,  = 


Agjd      pjbd}      2p 


[Eq.  19] 
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M 
=  ^            approximately, 
8  a  Ag 

[Eq.  20] 

<.          2ilf         2vh 
^'      jkhd?         k    ' 

[Eq.  21] 

^^         1.1 
=  ^^,  roughly. 

[Eq.  22] 

Steel  ratio, 

kf,  _              1                          F 

As 
bd 

[Eq.  23] 

P 

= 

^  ^^          1.1 
—  —  roughly. 

lo  Js 

[Eq.  24] 

Cross-section  of  beam  for  given  bending  moment  M, 


M        M 
bd'  =—-.  =  -,  [Eq.25] 

fsPJ         Rs 


2  M      M 


fckj      Re 


6M 


Steel  area, 


idf, 


[Eq.  26] 


roughly.  [Eq.  27] 

Jc 

M 

As==j~:  =  phd,  [Eq.  28] 

fsjd 

M 

approximately.  [Eq.  29] 


Equations  12,  16,  20,  and  29  give  results  that  are  sufficiently  accurate 
in  nearly  all  cases.  For  small  values  of  p,  the  value  of  j  approaches  unity, 
as  can  be  seen  from  Fig.  376.  Equations  10,  18,  22,  24,  and  27  are  to  be 
used  in  making  rough  calculations  only. 

Figs.  376  and  37c  are  drawn  for  n  =  15.  The  curves  in  the  lower 
portion  of  Fig.  376  give  simultaneous  values  of  fg,  fc,  P,  Rs,  and  Re  (both 
of  the  latter  being  called  R) ;  and  those  in  the  upper  portion  record  corre- 
sponding values  of  k  and  j.  The  curves  of  Fig.  37c  are  drawn  on  the 
assumption  that/c  does  not  exceed  600  pounds  per  square  inch,  and  that 
fg  is  not  greater  than  16,000  i:)ounds  per  square  inch.  The  upper  portion 
of  this  figure  gives  simultaneous  values  of  the  depths  and  the  steel  areas 
per  foot  of  width  which  are  required  for  any  given  bending  moment;  and 


Q^ 


0.4         0.6         as         w         12 

Percenhge  of  /8e/nforcemenf'p. 


M  16 


Fig.  376.     Diagram  for  the  Design  of  Rectangular  Beams. 


Fio.  37c. 


Cl4  0.6  08  W  le  14 

^5fee/  /irea per  Foof  IV/dfh 

Diagram  for  the  Design  of  Slabs  and  Small  Beams. 


0 
/.6 


*fe 
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the  lower  portion  shows  the  steel  areas  per  foot  of  width  furnished  by 
round  bars  of  various  diameters  and  spacings.  The  cUagram  is  arranged 
so  that  it  is  possible  to  trace  from  one  portion  to  the  other.  The  upper 
portion  will  serve  for  slabs  and  small  beams  only;  but  the  lower  portion 
can  frequently  be  used  in  conjunction  with  Fig.  376,  even  when  the  upper 
portion  is  not  applicable.  The  curves  of  Figs.  376  and  37c  are  so  well 
kno^^^l  that  no  explanation  of  their  application  is  necessary. 

For  ordinary  design  work,  the  calculator  should  keep  in  mind  the 
\alues  of  A'  and  p  which  correspond  to  the  values  of  /c  and  fa  which  he 
employs  (as,  for  instance,  li  =  95  and  p  =  0.68  per  cent  when  fc  =  600 
and /s  =  16,000),  and  thus  avoid  the  necessity  of  constantly  keeping  the 
diagrams  at  hand.     Also,  it  is  a  good  plan  to  figure  the  steel  areas  by 

M 

Equation  29  or  the  more  exact  formula  7"^,  rather  than  by  the  expression 

JsJ  " 

p  bd.  One  is  then  less  likely  to  make  large  errors;  and,  when  a  beam  is 
known  to  be  under-reinforced,  a  considerable  amount  of  time  is  saved, 
as  it  is  then  unnecessary  to  figure  the  value  of  6.     When  /«  equals  16,000, 

M     ,  M 

^^d7;^^'^^^^i4;oood- 

The  following  table  of  areas  and  weights  of  plain  round  and  square 
bars  ^v^ll  be  found  convenient.  Deformed  bars  will  usually  weigh  about 
one  per  cent  more  than  plain  bars. 


Diameter  of  Round  Bar 

Round  Bars 

Square  Bars 

or  Side  of  Square  Bar 
Inches 

Area 
Square 
Inches 

Weight 
Pounds  per 
Lineal  Foot 

Area 
Square 
Inches 

Weight 
Pounds  per 
Lineal  Foot 

]X      

0.049 

0.110 

0.196 

0.31 

0.44 

0.60 

0.78 

0.99 

1.23 

1.48 

1.77 

0.17 
0.38 
0.67 
1.04 
1.50 
2.04 
2.67 
3.38 
4.17 
5.05 
6.01 

0.063 

0.141 

0.25 

0.39 

0.56 

0.76 

1.00 

1.26 

1.56 

1.89 

2.25 

0.21 

3/s           

0.48 

U          

0.85 

54    

1.33 

^        

1.91 

li       

2.60 

1                

3.40 

1 U       

4.30 

11/       

5.31 

13^              

6.43 

m       

7.65 

Rectangular  Beams  Reinforced  For  Compression 
Position  of  neutral  axis, 

k  =  yj  2n[p-\-p'f)  +  n^  (p  +  p')' -  n  (p  +  p')  ==  jr^^^^ 
=  I  roughly. 


[Eq.  30] 
[Eq.  31] 


I^.» 
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Position  of  resultant  compression, 

Yk'd-\-2p'nd'  {k  - -^) 


F  +  2p'n(/c--j 

[Eq.  32] 

=  1  approximately. 

[Eq.  33] 

Arm  of  resisting  couple, 

jd  =  d  -  z, 

[Eq.  34] 

=  I  d  approximately. 

[Eq.  35] 

Coefficient  of  resistance, 

Rs  =fsPJ- 

[Eq.  36] 

\5 


1_J2L 


fc 


d^^ 


rs-n 


3^h^ 


^ 


c 


T 


Fig.  37d. 
Mor£ients  of  resistance, 

M,  =fspjbd^  =  Rsbd^ 
=  ^  fsAsd  approximately, 

=  (0.15  +  10  p')  fc  b  d"  roughly. 
Fibre  stresses, 

M  M  .  1  -  A; 


^sjd      pjbd^ 
M 


k    ' 


8  d.  As 


fc  = 


approximately, 
6M 


=  fs 


/s   =  nfc =  /s 


[Eq.  37] 

[Eq.  38] 

[Eq.  39] 

[Eq.  40] 

[Eq.  41] 

[Eq.  42] 

[Eq.  43] 

k 


1  -  k 


[Eq.  44] 
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Area  of  tensile  steel, 


As 

[Eq.  45] 

=  7  I.   >>  J  approximately. 

[Eq.  46] 

As  =  .  ..  =  pbd, 
fsjd 

[Eq.  47] 

=  y        •  approximately. 

8    djs 

[Eq.  48] 

Ratio  of  compressive  steel, 


d' 


■p'  =  2     ip  —  Pc)  approximately  for  —  =  0.05, 

d' 
=  2.4  (p  —  Pc)  approximately  for—  =  0.10, 

d' 
=  3.2  (p  —  Pc)  approximately  for  —  =  0.15. 


[Eq.  49] 


Figs.  37e,  37e',  and  37/  can  be  used  for  the  design  of  double-reinforced 
beams;  and  Equations  38,  42,  46,  48,  and  49  afford  an  approximate  solu- 
tion which  is  nearly  enough  correct  for  ordinary  cases. 

Of  the  three  diagrams,  Fig.  37e  is  the  most  general  in  its  application. 

It  is  drawn  for  n  =  15.     The  central  left-hand  diagram  gives  simultaneous 

values  of  k,  fs,  and  fc',  the  central  right-hand  diagram  shows  simultaneous 

values  of  pj,  Rs,  and/^;    the  upper  and  lower  left-hand  portions  indicate 

d' 
simultaneous  values  of  k,  p,  and  p'  for  three  different  values  of  — ;  and 

the  upper  and  lower  right-hand  portions  present  simultaneous  values  of 

d' 


pj,  p,  and  p'  for  the  same  values  of 


d 


The  diagrams  are  arranged  in 


such  a  manner  that  it  is  convenient  to  trace  from  one  to  the  other.     Curves 

for  the  values  of /'§  could  be  added  to  the  central  left-hand  diagram;  but 

they  would  be  of  no  value,  since  the  value  of  f's  can  never  be  excessive. 

d' 
For  a  value  of  —  differing  but  slightly  from  one  of  the  three  plotted  values, 

^  d'  . 

the  curves  for  this  plotted  value  can  be  used;  but  for  any  other  —  it 

will  be  necessary  to  figure  for  two  values  and  interpolate,  or  else  use  the 

d' 
nearest  one  and  then  estimate  the  effect  of  the  difference  in  the  — 's  by 

means  of  Fig.  37/. 

As  the  employment  of  Fig.  37e  for  the  design  of  beams  is  somewhat 

tedious,  an  auxiliary  diagram,  Fig.  37e',  has  been  prepared.     It  applies 


5q     qj 


ms 


^    1 


05 


0.45         Q4  m 

l/a/ues  of  A 


doe 


aoj 


om 

Fig.  37e.     Diagram  for  the  Design  of  Double-reinforced  Beams  in  General, 
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only  when  n  =  15, /«  =  000,  and /„  =  10,0(M);  but  a  similar  diagram  can 
be  easily  prepared  for  any  other  set  of  values  of  /»  and  /<..  In  general,  it 
cannot  be  employed  to  find  the  unit  stresses  in  a  beam  which  has  already 


(^ 


asx 


1.0% 


15% 


250 


zoo 


1150 


/OO--^ 


50 


'■''--■J 

^^^>^i 

^       -k^^^ 

^^^  Jt^^ 

^ii 

^  >- 

■^^^       ^     -;  m}-''2 

~-=>^     ^^^i-^ 

^^  ---^tt^ 

^Ct^       ^            ^''^-^-, 

-^                        "^-^^               ^            ♦!-    rf; 

j1-                   ^1l!^--^^           -idl^ 

-r^       4^^                      ^                      -^^       ^-~~~-~Ct^^ 

.A^     ^^'--^y         ^^              J^  ^ 

^t^                ^^—~~^c             ^-"^ 

*^^^^r-^       ^^               ^^^ 

^         X               ~'^- 

'  ^S  ^^      ^       ^^            -^^ 

^'^  — -,2»,        ^'^'^ 

^^-                   7^^-^          ^"^ 

J2^^^-~^^^                               A^ZL 

7^/      .--^ 

^St^--^^/^.-^                                                          a==AJ 

^zt^^                                             C^sim 

^-^^                                                                                                                  -e^      '^-'^ 

2'^'^_^2|:                                                                       L^lhQiW 

^^■d.^''t                                                                      %       Ik' 

*^ — 7~^ 

-i>-a 

zo% 

250 


200 


/JO 


100 


0 


asx 


/.5% 


50 


/.0% 
l/h/aesS  ofp' 

Fig.  37e'.     Special  Diagram  for  the  Design  of  Double-reinforced  Beams  when  /c  =  600 

and/5  =  16,000. 


been  designed.     It  gives  simultaneous  values  of  R,  p,  and  p' ,  and  can  be 

df 
used  directly  for  any  value  of  — • 

a 

Fig.  37/  was  also  drawn  up  for  /?  =  15,  fc  =  600,  and  /^  =  16,000; 
but  it  applies  with  very  small  error  for  any  ordinary  combination  of  fc 
and  /s.  It  gives  directly  the  percentage  changes  in  the  steel  and  concrete 
stresses  caused  by  the  addition  of  a  given  percentage  of  compressive  steel 
to  a  beam  with  reinforcement  in  the  tension  face  only.  It  is  to  be  used 
in  connection  with  Fig.  376. 

Equations  38,  42,  46,  48,  and  49  afford  a  means  of  designing  a  beam 
when  no  diagrams  are  at  hand.     It  is  necessary  to  know  the  value  of  pc 
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and  the  corresponding  value  of  R  (as,  for  fc  =  600  and  /«  =  16,000,  Vc  = 
0.68  per  cent  and  i2  =  95). 

The  following  problems  illustrate  the  use  of  the  foregoing  equations 
and  diagrams: 

1.  Design  the  reinforcement  of  a  beam  having  a  width  of  20"  and 
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Fig.  37/.     Percentage  of  Reduction  in  Concrete  and  Steel  Stresses  Due  to  Compressive 

Reinforcement. 


a  depth  to  the  steel  of  40"  to  carry  a  moment  of  4,000,000  in.-lbs.,  with 
/,  =  600  and  /«  =  16,000. 
We  first  figure  R,  finding 

4,000,000 


R 


20  X  40  X  40 


=  125. 


Entering  Fig.  376  with  R  =  125,  and  tracing  horizontally  to  the  line  for 
f,  =  16,000,  we  find  fc  =  720  and  p  =  0.9%,  showing  that  compressive 
reinforcement  is  necessary.     This  will  be  placed  2"  below  the  top,  so  that 


REINFORCED    CONCRETE    BRIDGES  805 

--  =  —  =  0  05.     The  amount  required  can  be  found  in  any  one  of  four 
d       40 

ways. 

Employing  first  Fig.  37e,  we  enter  at  the  right  with  R  =  125,  trace  hor- 
izontally to  the  line  for  /g  =  16,000,  and  then  vertically  downward  to  the 
lower  portion  of  the  figure.  Smce  the  curves  for  p  are  nearly  vertical, 
it  is  evident  that  the  required  value  of  p  is  a  trifle  less  than  0.9  per  cent. 
Holding  a  pencil  at  the  point  just  found,  we  then  enter  the  central  left- 
hand  portion  of  the  diagram  with  /,  =  GOO  and  f^  =  16,000,  and  trace 
do\vnward  till  we  strike  the  line  p  =  0.9%  in  the  bottom  portion  of  the 
figure.  This  indicates  p'  =  0.46%.  Tracing  the  pencil  on  the  right 
vertically  to  this  value  of  p',  we  find  p  =  0.87%;  and  tracing  vertically 
in  the  left-hand  portion  to  this  value  of  p,  we  get  p'  =  0.4%.  Evidently 
it  is  unnecessary  to  shift  again  the  pencil  on  the  right,  so  that  the  final 
result  isp  =  0.87%  and  p'  =  0.4%. 

Next  using  Fig.  37e',  we  enter  at  the  left  with  R  =  125,  and  trace 

df 
horizontally  to  the  line  for  j  =  0.05.     We  then  read  the  value  of  p  as 

0.87%,  and  that  of  p'  as  0.41%. 

Employing  now  Fig.  37/,  we  first  compute  the  percentage  of  reduc- 

^.  ^  .    720  -  600,       ^^ 
tion  required  in  the  concrete  stresses,  which  is  — or  lb  per  cent. 

Entering  Fig.  37/  at  the  left  with  16  per  cent,  we  trace  horizontally  to 

the  upper  line  for  —  =  0.05,  and  then  vertically  downward  to  the  lower 

^/ 

curve  for  the  same  value  of  — .     This  indicates  that  p'  =  0.4%  and  that 

a 

the  percentage  of  reduction  in  the  tensile  steel  stresses  is  3;  so  that  the  re- 
quired value  of  p  is  0.9  X  0.97,  or  0.87%. 

Finally,  employing  Equations  46,  48,  and  49,  and  knowing  that  Pc  = 
0.68%,  and  that  the  corresponding  value  of  R  is  95,  we  have, 

4,000,000 

As  = =  7.14  sq.  ins., 

'       7^  X  40  X  16,000 

7.14 

p  =  -^ =  0.89%, 

^       40  X  20  ^^' 

and  p'  =  2(0.89  -  0.68)  =  0.42%. 

2.  What  are  the  steel  and  concrete  stresses  in  a  beam  which  is  sub- 
jected to  a  moment  of  4,800,000  in.-lbs.,  the  width  being  20  inches, 
the  depth  to  the  tensile  steel  40  inches,  the  percentage  of  tensile  steel 

1.2,  and  the  percentage  of  compressive  steel  1.0,  with  —  equal  to  0.10? 


806 


We  first  find 
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p  4,800,000 

R  = =  150. 


Chapter  XXXVII 


20  X  40  X  40 


L  ^  iT  ?  ^  ^  ^"'  ^"""^  *'^''  vertically  downward  to  the  line 
Z  U  Z  ^^^'  ;^^^^^^  ^^  fi^d  /«  =  14,200.  Entering  now  the  upper 
left-hand  portion  with  the  same  values  of  p  and  p',  and  then  tracLg 
vertically  doxvnward  to  /«  =  14,200,  we  get  /,  =  570 
'rnr^^Tj  ^"^P^^yi^g  Fig.  37/,  we  first  find,  from  Fig.  376  that  f  eouals 
e'duXo;^'!:^'  '''''';     f^^^^^^^  '''•  ^^^-^^^  ^'  =  1.0%   wVfiJtt 


and 


/c  =  790  X  0.73  =  580, 

fs  =  14,800  X  0.96  =  14,200. 


T-Beams 
Case  I.    Neutral  Axis  in  the  Flange 

Eal^iJ'm''^^'"^  "^'^T""'  ^''  rectangular  beams  are  to  be  used, 
ll^quation  (1)  or  the  curve  for  k  on  the  upper  portion  of  Fig.  376  can  be 


■< 

t 

h 

> 

— 



•  •  • 

d' 

,1 
.1 

Fig.  2>lg. 
employed  to  determine  the  location  of  the  neutral  axis. 
Case  11.    Neutral  Axis  in  the  Weh:  Compression  in  the  Web  Neglected 
Position  of  neutral  axis, 

nA,+  ibii  pn  +  iny 

nAs-\-bt  Vn  +  2 
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Position  of  resultant  compression, 


2k  - 


4  t 
3d      t 


t       2' 
2k-  — 
a 

=  -    when  -J  <  0.25 
2  a 

1  t 

=  ~d  when  —  >  0  25 
8  a 
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[Eq.  52] 


approximately.        [Eq.  53] 


Arm  of  resisting  couple, 

jd  =  d  -  z, 


=  d  -  —  when  —  <  0.25 
2  d 

=  -  rf    when    ~  >  0.25 


[Eq.  54] 
approximately.  [Eq.  55] 


Coefficient  of  resistance, 


Rs  =  fsPJ- 


Moments  of  resistance, 

Ms  ^fsAAd-z)  =fspjbd'  =  Rsbd' 
=  f.  A,  [d  -  I")  when  jr  <  0.25 


when  —  >  0.25 
a 


[Eq.  56] 

[Eq.  57] 

approximately,  [Eq.  58] 


=  -^fsAs  d 

^^^=^^(^-2-¥d)'^^^-^^' 

=  fc\l  —  --^]  htd    approximately 

Fibre  stresses, 

M  M 


fs   = 


As{d-z)       A,jd' 


[Eq.  59] 
[Eq.  60] 

[Eq.  61] 


M 


As{d-^) 
M 


/ 


dA, 


when  —  <  0.25 
d 


when  —r  >  0.25 
a 


approximately,         [Eq.  62] 


fc   = 


M 


=  /s 


f  t    \  .     ..        ,      -"  n{l-ky 


[Eq.  63] 
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M 


{l-l^)btd 


approximately. 


Steel  area, 


M 


M 


fsid-z)  ~fJd=P^^' 


M 


=  -JL^ 

fs-ld 
Width  of  flange, 

h  = 


when  —  <  0.25 
a 


when  —  >  0.25 
a 
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[Eq.  64] 

[Eq.  65] 
approximately.        [Eq.  66] 


M 


^^('-2ld)^(^-^)' 

M 
~~l         5~7T       approximately. 


[Eq.  67] 
[Eq.  68] 


taneous  values  of  A,  /    and/.;  the  upper  left-hand  diagram  shows  simul- 
taneous values  of  k,  ±   and  p;  the  upper  right-hand  diagram  indicates 
simultaneous  values  of  p,  pj,  andj;  and  the  lower  right-hand  diagram 
presents  simultaneous  values  of  /.,  pj,  and  R..     The  diagrams  are  ar 
ranged  m  such  a  manner  that  it  is  convenient 'to  trace  f^ Tne  to  thj 

r -  rr  nnn  ,  T-  "'fP"*"'-  '*  """^P^'"'  ""'^  ^*™  «  =  15,  /,  =  600  a,?d 
drawn ?„  'it"  T"  TV""  °'''''  ™'"^^  "^^^  -''/-"  '^'^  -ad  % 
PuZ  le  L  T  "'"''  ™'^''^  '"^  *^'«"'"8  beams,  not  for  com^ 

putmg  the  stresses  m  beams  already  designed.     It  gives  directly  the 

values  o!R,  p,  and,' for  any  value  ofi     The  horizontal  portions  of  the 
curves  at  the  right  correspond  to  values  of  ^  greater  than  k.  under  which 
conditions  the  stresses  are  the  same  as  for  a  rectangular  beam      For 
purpose,  and  the  steel  area  computed  by  reading  the  value  of  y  and  using 
the  relationship^^,  or  by  reading  p  and  employing  the  expression  p  b  d. 


05        045        04        035        03 


00/       0.0075 


0^5      0 


045         04         035        0.3 
\/a/ue.5  of/c. 


001       0W75      000$  _    000^5        0 
Va/ues  ofpj. 

Fig.  37^.    Diagram  for  the  Design  of  T-Beams  va.  General. 
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The  former  method  is  to  be  preferred,  as  there  is  less  hkehhood  of  large 
error.     If  it  is  known  that  the  flange  width  is  ample,  it  is  merely  necessary 

to  read  the  value  of  j  and  use  the  expression  . 

The  curves  for  rectangular  beams  can  be  used  with  small  error  unless 

—r  is  considerably  smaller  than  k.  The  values  of /g  obtained  in  this  manner 
a 

will  be  a  trifle  too  high,  and  those  of  fc  somewhat  too  low. 

Equations  53,  55,  58,  60,  62,  64,  66,  and  68  are  sufficiently  accurate 
for  most  cases;  and  the  use  thereof  is  advisable,  as  it  makes  one  inde- 
pendent of  the  diagrams. 

t  .  h'  .       . 

For  a  beam  in  which  —  is  small  and  —  is  fairly  large,  the  use  of  the 

formulae  of  Case  II  will  give  values  of  /s  or  As  which  are  too  small,  and 
values  of  h  or  fc  which  are  much  too  large.  Such  beams  should  be  con- 
sidered to  come  under  Case  III. 

The  following  problems  illustrate  the  application  of  Figs.  37/i  and  Zlh' : 
1.  Design  the  section  of  a  T-beam  for  a  moment  of  10,000,000  inch- 
pounds,  on  the  assumption  that  d  =  60",  t  =  12",  fc  =  600,  and  /g  = 
16,000. 

We  shall  first  employ  Fig.  37/i.  Entering  the  lower  left-hand  portion 
of  the   diagram  with  fc  =  600   and  /s  =  16,000,  and   tracing  vertically 

t        12 
upward  ^^  ~J  —  7^  "=  0-2,  we  find  p  =  0.54%.    We  then  project  horizon- 
tally to  this  same  value  of  p  in  the  upper  right-hand  portion,  and  then 
trace  vertically  downward  to  /s  =  16,000,  giving  R  =  79.     We  then  com- 
pute the  required  Mddth  of  flange  and  the  steel  area  as  follows : 

10,000,000 
0  = 


79  X  60  X  60' 
=  35", 

and  As  =  0.0054  X  35  X  60  =  11.3  sq.  in. 

Using  next  Fig.  37/t',  and  entering  with  —  =  0.2,  we   find   R  =  79,  so 

that  6,  as  before,  is  found  to  be  35".     We  can  then  read  j  as  0.91,  whence 
we  have 

10,000,000 
^«  =  0.91  X  60  X  16,000  ^^'•^'^•"^•' 

or  we  can  read  p  as  0.54%,  whence  we  find 

As  =  0.0054  X  35  X  60  =  11.3  sq.  in. 


0.i  03  0.4 

I'a/ues  of  -^ 

Fig  Zlh'.     Special  Diagram  for  the  Design  of  T-Beams  when  jc  =  600  and  js  =  16,000. 
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Finally,  employing  Equations  68  and  66,  we  have 

6= 10.000.000 ^35„ 

600  (1  -  5  X  0.2)  X  12  X  60 
3 

10,000,000 

and  As  =  =  11.6  sq.  m. 

0.9  X  60  X  16,000  ^ 

2.  What  are  the  unit  stresses  in  a  T-beam  subjected  to  a  moment  of 
15,000,000  inch-pounds,  on  the  assumption  that  d  =  60",  h  =  50",  t  =  12", 
and  p  =  0.6%? 

We  first  compute  the  values  of  —  and  R,  getting 

^  12  ^« 
—  =  —  =  0.2, 
d       60 

15,000,000 

and  R  = =  83. 

50  X  60  X  60 

We  then  enter  the  upper  right-hand  portion  of  Fig.  S7h  with  —  =  0.2 

a 

and  p  =  0.6%,   and  trace  vertically  downward  to  the  value  R  =  83, 
where  we  find  the  value  of  fg  to  be  about  15,200.     Now  entering  the 

upper  left-hand  portion  with  the  same  values  of  —  and  p,  and  tracing 

vertically  downward  to  /s  =  15,200,  we  find  fc  =  620. 
Using  now  Equations  62  and  64,  we  have 

As  =  0.006  X  60  X  50  =  18.0  sq.  in. 

=  .i5,ooaoo^  ^ 

-"       0.9  X  60  X  18  '       ' 

A                            r                          15,000,000  „_^ 

and  fc  =  — — =  620. 

(l  -  |-  X  0.2)  50  X  12  X  60 

Case  III.    Neutral  Axis  in  the  Web;   Compression  in  the  Web  Considered 
Position  of  neutral  axis, 


^^^    l2ndAs-h(b-b')e  ^  rnAs+{b-b')tJ_nAs+ib-b')t^  ^^^^^^ 


Position  of  resultant  compression. 


(kdP  -^t^)b+  \(kd-  ty[t-\-^{kd-  t)~\]b' 

z  = ^ i ^ =Li_.  [Eq.  70] 

t{2kd-  t)b-\-  (kd-  tyb' 
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Arm  of  resisting  couple, 

jd  =  d-z.  [Eq.  71] 

Coefficient  of  resistance, 

Rs=fsP3-  lEq.72] 

Moments  of  resistance, 

M,  =  fs  As  {d-z)=fsPJh  d^  =  Rs  h  d\  [Eq.  73] 

M,  =  —  [ i2hd  -  t)ht  ^-  {kd  -  tfh'~\  {d  -  z).  [Eq.  74] 

Fibre  stresses, 

/  =  — ^^1— =  -^^  [Eq.75] 


Steel  area, 


f — — — .  [Eq.  76] 

^'' [{2kd-t)ht+{kd-tyh']{d-z) 

fs  {d  -  z) 


The  formulge  of  Case  III  are  so  cumbersome  that  they  are  used  but 
little.  However,  a  T-beam  can  be  considered  to  be  made  up  of  a  rectangu- 
lar portion  of  width  6'  and  a  T-beam  portion  of  width  6-6'  without  any 
web,  and  the  two  portions  figured  separately  and  the  results  combined. 
Another  scheme  is  to  assume  first  that  6'  =  6  and  apply  the  formulae  and 
diagrams  for  rectangular  beams,  and  second  that  6'  =  0  and  apply  the 
formula  for  Case  II;  and  then  interpolate  between  these  two  figures  to 

get  the  results  for  the  actual  value  of  r-.  These  methods  are  illustrated 
by  the  following  problems: 

1.  Design  the  section  of  a  T-beam  for  a  moment  of  10,000,000  inch- 
pounds,  on  the  assumption  that  d  =  60",  t  =  6",  6  =  20",  fc  =  600,  and 
fs  =  16,000. 

We  first  figure  the  moment  of  resistance  of  the  rectangular  portion, 

which  is 

M  =  95  X  20  X  602  =  6,840,000  inch-pounds, 

the  value  of  R  being  taken  from  Fig.  376  or  37/i',  preferably  the  latter. 
The  moment  to  be  cared  for  by  the  T-beam  portion  is  then 

M  =  10,000,000  -  6,840,000  =  3,160,000  in.-lbs. 

Entering  now  Fig.  37 h'  with  -  =  —  =  0.1,  we  find  /?  =  49;  so  that  the 
value  of  6  —  6'  is 

3,160.000  ^  ^3„ 

49  X  602 
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The  value  of  b  is,  therefore, 

b  =  18"  +  20"  =  38". 

The  value  of  j  for  the  rectangular  portion  is  0.88,  and  that  for  the  T-beam 
portion  is  0.95;  so  that  the  value  of  As  is 

6,840,000  ,  3,160,000 


0.88  X  60  X  16,000      0.95  X  60  X  16,000 
=  8.1  sq.  in.  +  3.5  sq.  in.  =  11.6  sq.  in. 
If  we  had  disregarded  the  compression  in  the  stem,  we  should  have  had 

^  10,000,000  ^       , 
49  X  602  ' 

10,000,000  . 

"^^  ^«  =  0.95  X  60  X  16,000  =  ''•'  ^^^  ^^^ 

This  result  indicates  that  it  would  have  been  improper  in  this  case  to 
neglect  the  compression  in  the  stem. 

The  approximate  formulae  for  T-beams  can  also  be  used  for  this  problem 
with  small  error.     Employing  them,  we  find 

b-b'  = ^1^^500 ,  =  18.^ 

600  (l  -  |-  X  O.l)  6  X  60 

b  =  18"  +  20"  =  38", 

.       ,  3,160,000 

and  As  =  8.1  sq.  m.  +  0.95  x  60  X  16,000  =  '^'^  ^^^  '^' 

If  the  compression  in  the  stem  were  neglected,  we  should  have 

,  10,000,000 

0  = =  06  , 

600  (1  -  -  X  0.1)  6  X  60 

10,000,000 
"^^  ^«  =  0.95  X  60  X  16,000  =  '^'^  ^^^  '''' 

2.  Suppose  that  in  Problem  2  under  Case  II  the  value  of  b'  had  been 
20".     Find  the  unit  stresses,  considering  the  compression  in  the  stem. 

We  first  find  the  value  of  —,  which  is 

0 

*:  =  ??  =  0.4. 

b       50 
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1/ 

Neglecting  the  compression  in  the  stem  (which  assumes  that  —  is  zero), 
we  find,   as  before,   that  fc  =  620  and  fa  =  15,200.     Considering  the 

stem  to  be  50"  wide   (t  =  1 )  and  entering  Fig.  376  with  R  =  SZ  and 

b' 
p  =  0.6%,  we  find  fc  =  550  and  fa  =  15,600.      Interpolating  for  -  =  0.4, 

we  get  the  results /c  =  580  and  fa  =  15,400      The  values  of /s  and  fc  with 

7"  =  1  could  also  have  been  found  by  entering  the  upper  portions  of  Fig. 

S7h  at  the  intersections  of  the  lines  for  p  =  0.6%  with  the  light  dotted 

Unes,  which  lines  indicate  the  points  at  which  k  equals  — . 

a 


k  = 


Rectangular  Beams  of  Varying  Depth 
Position  of  neutral  axis, 

p  n  cos  j3'  _       nfc 


1 2  p  n  cos  j8'       p^  T?  cos^  /S' 
>'       cos^  |8  cos*  /3 

=  ^2  V\  f^  +  (Pi  ny  ~  Pi  n. 


cos' 13         fa  +  nfc 


[Eq.  78] 
[Eq.  79] 


Arm  of  resisting  couple, 
Coefficients  of  resistance, 


j  =  l-\k. 


[Eq.  80] 


^8  =  fsPJ  cos/3', 

[Eq.  81] 

Rs'   =  fs  Pi  j, 

[Eq.  82] 

Re  =  hfckj  cos^jS, 

[Eq.  83] 

Re  =hfckj. 

[Eq.  84] 
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Moments  of  resistance, 

Ms  -fsPJb<P  cos  fi'  =  R^b d\  [Eq.  85] 

Mc  =  hSc kj b d?  cos2  ^  =  R,h d\  [Eq.  86] 

Fibre  stresses, 

•''      As  j d cos  /3'      pjh d'  cos  ^'~  2p cos  ^"  ^   "^^  ^^^ 

2  A/"  2/«/)cos/3' 

/c  =  rTT"^^ 7-  =      ,        ,        .  [Eq.  88] 

kj  b  d^  cos^  /3  /c  cos^  |8  i    h       j 

Steel  ratio, 

fc_kcofJ  ^ cos'^^ k^  cos^  /3 

Cross-section  of  beam  for  given  bending  moment  M, 

M  M 

2M  M 

Fig.  37i  applies  for  n  =  15.  The  curves  in  the  lower  right-hand  por- 
tion give  simultaneous  values  of  R',  and  R',  (both  called  R'),  pi,  f„  and 
/s,-  and  the  corresponding  values  of  k  and  j  can  be  found  by  projecting 
vertically  upward  to  the  scales  for  these  quantities  given  at  the  top  of 
the  figure.  The  curves  in  the  lower  left-hand  portion  show  simultaneous 
values  of  R,  R',  and  /3.  The  curves  in  the  upper  right-hand  portion  re- 
cord simultaneous  values  of  pi,  ^,  and  pcos/3';  and  the  curves  in  the 
upper  left-hand  portion  indicate  simultaneous  values  of  p,  ^',  and  p  cos  jS'. 
Ordinarily  13'  =  0,  in  which  case  p  cos  j8'  =  p,  and  we  can  read  the  values 
of  p  along  the  upper  portion  of  the  right-hand  margin.  When  both  0 
and  ^'  are  zero,  pi  =  p  and  R'  =  R,  and  we  then  need  the  lower  right- 
hand  diagram  only.  It  will  be  noted  that  this  diagram  is  identical  with 
Fig.  376,  which  latter  figure  applies  only  when  ^  and  /3'  are  both  zero. 

The  following  problems  illustrate  the  use  of  Fig.  37j: 

1.  A  beam  18"  wide,  having  its  tension  face  inclined  at  an  angle  of 
20°  and  its  compression  face  at  angle  of  30°,  is  to  be  designed  for  a  mo- 
ment of  4,000,000  inch-pounds,  the  allowable  values  of/,  and  fs  being  600 
and  16,000.     What  depth  and  reinforcement  are  necessary? 

Entering  the  lower  right-hand  portion  of  Fig.  37i  ^vith  /,  =  600  and 
fs  =  16,000,  and  tracing  horizontally  to  ^  =  30°,  we  find  R  ^  71;  and 
on  tracing  vertically  from  the  first  point  to  the  inclined  line  for  /S  =  30°, 


a95 


0.90 


Va/aes  o/j.  086 


l^a/uesoffi'      \q,      q}  -03       i/i2/ue5ofk.       04 

J'      ^      ^        ^^      inlMMllMllllllll    ,    I     I     I     I 


^  or- 


-:l.0> 


0.6* 


or* 


0.2''^ 


40'  JO'    20'    /O'     0'  0.2'/'  04^'  0.6°<>  0£^  10'*  12^ 

l/a/ues  ofj^.  l/a/aes  ofp  (=p  yvhen  bofhfiancfjS  'arejero] 

Fig.  37j.     Diagram  for  the  Design  of  Rectangular  Beams  of  Varying  Depth. 
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and  then  horizontally  to  /3'  =  20°,  we  find  p  =  0.54%.     We  then  compute 
the  required  depth,  finding 


^  ^     14,000,000 
\  71  V  IS 


=  56". 
71  X  18 

2.  Suppose  that  in  Problem  1  the  value  of  /3'  had  been  zero  instead 
of  20°.     Design  the  section  of  the  beam. 

In  this  case  we  find  R  =  71  and  d  =  56",  as  before;  but  to  find  the 
value  of  p  we  need  merely  to  trace  up  to  the  inclined  line  for  jS  =  30°, 
and  then  read  directly  the  value  of  p  as  0.51%. 

3.  Suppose  that  in  Problem  1  the  value  of  jS  had  been  zero.  Design 
the  section  of  the  beam. 

In  this  case  we  read  the  value  of  R  directly  at  the  intersection  of  the 
lines  for  fc  =  600  and  fg  =  16,000,  getting  7^  =  95;  and  the  required 
depth  is  then 

4 


d  =  ^  MO^^  =  48". 


95  X  18 

The  value  of  p  is  found  by  tracing  vertically  upward  to  the  inclined  line 
for  iS  =  0,  and  then  horizontally  to  /3'  =  20°,  which  gives  p  =  0.72%. 

4.  A  beam  for  which  b  =  12",  d  =  40",  and  p  =  0.65%  is  subjected 
to  a  moment  of  1,500,000  inch-pounds.  What  are  the  unit  stresses  on 
the  assumption  that  the  tension  face  is  inclined  at  30°,  and  the  com- 
pression face  at  25°? 

We  first  figure  the  value  of  R,  finding 

1,500,000 
12  X  40  X  40 

We  then  enter  in  the  upper  left-hand  portion  with  p  —  0.65%  and 
/3'  =  30°,  trace  horizontally  to  the  inclined  fine  for  ^  =  25°,  and  thence 
downward  to  a  point  found  by  projecting  over  horizontally  from  the  inter- 
section of  the  lines  for  R  =  78  and  (3  =  25°  in  the  lower  left-hand  portion. 
The  values  of /^  and  /s  are  then  read  as  600  and  16,000. 

5.  Suppose  that  in  Problem  4  the  value  of  /3'  had  been  zero.  Com- 
pute the  unit  stresses. 

As  before,  R  =  78.  We  then  enter  the  upper  right-hand  portion  of 
Fig.  37;  with  /3  =  25°  and  p  =  0.65%  (the  horizontal  lines  representing 
the  values  of  p  in  this  case),  and  trace  vertically  downward  to  a  point 
found  by  projecting  over  horizontally  from  the  intersection  of  the  lines 
for  jB  =  78  and  /3  =  25°.  We  then  read  the  values  of  fc  and  fg  as  570 
and  13,800. 

6.  Suppose  that  in  Problem  4  the  value  of  j8  had  been  zero.  What  are 
the  resulting  unit  stresses? 

As  in  the  other  two  cases,  R  =  78.     We  then  enter  the  upper  left- 


T  /  2  3 

Percen/(7^e  of  L  on^z/^ac/ma/^e/n/brcemen/ p 

Fig.  37fc.     Diagram  for  the  Design  of  Columns  Under  Direct  Stress  Only. 
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hand  portion  of  Fig.  37;  with  p  =  0.65%  and  /3'  =  30°,  trace  horizontally 
to  the  line  /3=  0,  and  then  vertically  downward  to  R  =  78,  given  in  this 
case  by  the  horizontal  lines.     We  then  read  fc  =  520  and  /g  =  15,600. 


Columns  Under  Direct  Stress  Only 
Total  safe  direct  load, 

P  =  /,  (A,  +  n  Ai)  =f,A[l  +  {n-l)pi]=fA. 

Unit  stresses, 

P / 

^'~  A[l-\-{n-l)pi]~  l  +  {n-   1)  pi' 

fs  =  nfc, 


[Eq.  92] 

[Eq.  931 
[Eq.  94] 
[Eq.  95] 


Fig.  37/c  is  for  n  =  15.      It  gives  simultaneous  values  of  /,  fc,  and  pi. 
No  explanation  of  its  use  should  be  necessary. 

Rectangular  Beams  and  Columns   Under  Flexure  and  Direct 

Stress,    With   Reinforcement   In    Tension   Face  Only. 

Tension  on  Part  of  Section 


Position  of  neutral  axis, 

k''-2pn(l-k)        d 


[Eq.  96] 


Fig.  371. 


Effective  depth  of  beam, 


j<i  =  <i{i-^). 


[Eq.  97] 
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Coefficient  of  resistance, 


Moment  of  resistance, 
Fibre  stresses, 


Rc  =  UckJ-  [Eq.  98] 

Mc  =  Uckjbd\  [Eq.  99] 

1  —  k 

/s  =  '^/c-^,  [Eq.  100] 


2M'  2Pe' 


Steel  ratio, 


<-l) 


Fig.  37w  applies  for  n  =  15.  The  curves  in  the  lower  portion  of  the 
diagram  give  simultaneous  values  of  Rg  (or  R),  fc,  fs,  and  k;  and  the 
corresponding  value  of  j  can  be  found  by  projecting  vertically  upward 
to  the  line  marked  "curve  for  j,"  and  then  tracing  horizontally  to  the 
left-hand  margin.     The  curves  in  the  upper  portion  give  simultaneous 

values  of—,  p,  and  k.     The  full  portions  of  the  p  curves  are  to  be  used 

when  P  is  a  compressive  force  and  e'  is  positive,  and  the  dotted  portions 

when  P  is  a  tensile  force  and  e'  is  negative.     The  negative  values  of  — r 

e 

are  given  in  parentheses  along  the  left-hand  margin. 

The  use  of  Fig.  37m  is  illustrated  by  the  following  problems: 
1.  The  section  at  the  bottom  of  the  face  wall  of  a  retaining-wall  of 
cantilever  type  is  subjected  to  a  moment  from  earth  pressure  of  40,000 
foot  pounds  per  lineal  foot  of  wall,  and  a  direct  load  of  6,000  pounds  per 
lineal  foot  located  one  foot  in  front  of  the  steel.  Design  the  section  on 
the  assumption  that  fc  =  600  and  fg  =  16,000. 

We  first  figure  the  values  of  M'  and  e\  which  are 

M'  =  40,000  +  6,000  X  1  =  46,000  ft.-lbs., 
and  e'  =  46,000  -i-  6,000  =  7.7'. 

Entering  Fig.  37m  with  /^  =  600  and  fs  =  16,000,  we  find  P  =  95;    so 
that  the  required  value  of  d  is 


-4 


46,000  X  12  ^  22' 


95X12 


02 


04  as 

Va/aes  of  /c. 


as 


w 


Fig.  37m.     Diagram  for  the  Design  of  Beams  and  Columns  Under  Flexure  and  Direct 
Stress,  with  llciiiforccinciit  in  Tonsion  Face  Only. 
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We  then  compute  the  value  of  — ,  finding 

'-  =  -^^  =  0.24. 
e'       7.7  X  12 

On  tracing  upward  from  the  intersection  of  the  Hues  for  fc  =  600  and 
fs  =  16,000  on  Fig.  37w  to  the  point  where  —  =  0.24,  we  find  that  p 

equals  0.54%. 

2.  A  pier  shaft  of  an  arch  bridge  is  8'  0"  square,  and  is  reinforced 
with  0.1%  of  steel  placed  3"  from  one  face.  It  is  subjected  to  a  load  of 
1,800,000  pounds,  located  2'  6"  from  the  centre  of  the  shaft  and  on  the 
side  opposite  to  the  steel.     What  are  the  values  of  fc  and  fs  ? 

We  first  compute  the  values  of  e',  — ,  and  R,  which  are 
e'  =  30''  +  45"  =  75", 

e'  "  75  "  ^•^^' 

.  P       1,800,000  X  75 

and  R  =       96^93.        =  163. 

Entering  the  upper  portion  of  Fig.  37m  with  —  =  1.24  and  p  =  0.1%, 

and  tracing  vertically  downward  to  the  point  where  R  =  163,  we  find 
fc  =  650  and  fs  =  5,500.  In  order  to  find  the  amount  of  reinforcement 
which  will  reduce  fc  to  600,  we  trace  horizontally  to  the  point   where 

R  =  IGS  and/c  =  600  and  then  trace  vertically  upward  to  —  =  1.24,  and 
read  the  value  of  p  as  0.3%. 

Rectangular  Beams  and  Columns  Under  Flexure  and  Direct 
Stress,  With  Reinforcement  In  Both  Faces 

Case  I.     Compression  on  the  Entire  Cross-Section,  Using  the  Transformed 

Section 

Area,  moment  of  inertia,  and  centroid  of  transformed  section, 

At  =  bh-\-n{As-\-  As'),  [Eq.  103] 

It  =  lc  +  nls,  [Eq.  104] 

c  =  ^h  +  npd  +  np'd'^  ^^^   ^^^^ 

1  ■{•  np  +  np 


L 
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Fibre  stresses, 


P       Mc 

P       M{h-c) 
.,  P    ,   nM{c-d') 

^'  ^^i;+ — h — ' 

P       nM(d-c) 


[Eq.  106] 
[Eq.  107] 
[Eq.  108] 
[Eq.  109] 


^.^/\j«v^^.e|._ 


^n      ^^C/r  of  Transformed  Section 


Fig.  37n. 
If  fc   is  negative,  the  problem  comes  under  Case  III. 

Case  II.     Special  Case  of  Case  I  in  which  the  Reinforcement  is  Symmetrical, 

Using  the  Method  Employed  for  Simple  Flexure 

(See  Fig.  37n.) 

Position  of  point  where  compressive  stresses  reduce  to  zero, 


k  = 


l  +  24n?)^2  +  6(l  +  2np)| 


12  (1  +  2  n  p) 


h 


Coefficient  of  resistance, 

I 
Moment  of  resistance. 


«-  =  ififeO  +  24'"'p) 


^^=  =  ilfO  +  2''«pi)=«'**' 


[Eq.  110] 

[Eq.  Ill] 
[Eq.  112] 
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Fibre  stresses, 

,  12  kM  P    /         I  ^e  1  \  rr.       ..oi 

f'= ; ^=TTr. — ^ H6-r -A,       Eq.  113 

f^'  -f'^i^-j)  =Tj^(^ 6-^ ^- ^V       [Eq.  114] 

^         k/        bh\  I  -\-  2nv  h     .    .   ^.        aM 

\  l  +  24nppy 

Is'  =  nf,[\  -— ),  [Eq.  115] 

=  nf,  roughly,  [Eq.  116] 

Is  =  "/c  (l  -^)'  [Eq.  117] 

=  njj  roughly.  [Eq.  118] 

Fig.  37o  is  drawn  for  beams  having  symmetrical  reinforcement,  with 

71  equal  to  15  and  —  equal  to  0.05,  0.1,  and  0.15.     It  gives  simultaneous 

values  of  p,  — ,  *-4,  and  ~.     It  will  be  noted  that  the  quantity  -j  is  the 
f^     J  Jc  p  J 

ratio  of  fc,  the  maximum  concrete  stress,  to  /  or  — -,  the  average  stress  on 

0  h 

the  entire  section.     The  full  curves  only  apply  for  Case  II,  the  dotted 

curves  being  drawn  in  by  means  of  the  formulse  of  Case  III.     Figure 

e  1 

37o  thus  handles  all  values  of  —  up  to  — ,  even  though  there  be  tension 

A  4 

on  part  of  the  section. 

The  dotted  curves  in  Fig.  37g  apply  for  Case  II.  They  are  employed 
in  the  same  manner  as  the  full  curves  of  that  diagram,  the  use  of  which 
curves  is  explained  under  Case  III.     Owing  to  the  large  overlap  of  Figs. 

g 
37o  and  37g,  it  will  be  urmecessary  to  compute  —  accurately  before  deciding 

which  diagram  to  employ.     The  figuring  of  the  quantity  -j  or    '^        is  a 

M  J  P 

trifle  simpler  than  that  of  the    expression  rrrv  >  so  that  ordinarily  it 

oh-Jc 

e  1 

will  be  best  to  use  Fig.  37o  unless  —  exceeds—. 

/i  4 

The  following  problems  illustrate  the  use  of  Fig.  37o: 

1.  Design  the  reinforcement  of  an  arch  rib  3'  4"  wide  and  2'  1"  deep, 

which  is  subjected  to  a  direct  stress  of  450,000  pounds  and  a  moment  of 

110,000  foot-pounds,  for /^  =  600  and /«  =  16,000. 
We  first  figure  the  value  of  e,  getting 


b 


110,000  _ 
'      450,000  ~  "■''^  ■ 
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Since  —  is  evidently  about  ]/^,  Fig.  37o  will  be  used.     We  therefore  com- 

'^  e 

pute  the  value  of  -7-,  which  we  find  to  be 

1  _  0:25  _ 

h      2.08      "•^^'- 

Assuming  the  reinforcement  to   be  placed   23/^"   from   each  face,  and 
to  be  symmetrical,  the  value  of  -r  becomes 

d'       2.5       ^ , 
I=25=«-l- 


The  value  of /is 


450000  ^ 
•^       25  X  40  ' 


fc 

and  the  allowable  value  of  -j  is,  therefore, 

^  -  ?5?  -  1 33 

/       450       '••*"^- 
The  last  two  operations  can  be  conveniently  combined,  giving 

/,       600  X  25  X  40 


450,000 


=  1.33. 


fe  e 

Entering  now  the  central  diagram  of  Fig.  37o  with  -7  =  1.33  and  —  =  0.121, 

J  n 

we  find  the  required  value  of  p  to  be  0.73  %  per  face.     Since  the  value  of 
Y  is  about  0.25,  //  equals  600  X  0.25,  or  150. 

2.  Suppose  that  in  Problem  1  the  steel  had  been  placed  2"  from  the 
face  of  the  concrete.     Design  the  reinforcement. 

In  this  case  we  have 

d'       2 
A=25  =  «°«- 

We  therefore  first  enter  the  central  portion  of  Fig.  37o,   for  which 

J/ 

—  =  0.1,  and  find,  as  before,  that  p  per  face  should  be  0.73%.    Entering 

^  d'  d' 

now  the  lower  portion,  for  which  —  =  0.05,  we  get  0.65  %.    For  y  =  0.08, 

we  should  evidently  use  about  0.70%  per  face. 

3.  An  arch  rib  4'  0"  wide  and  3'  0"  deep,  which  is  reinforced  with 
0.9%  of   steel    in   each   face  placed  2^"  from  the  surface  of  the  con- 


06         OS 


10 


/4 


16         /S         ?0        ?£         F4         e6 


06         08         10         /.^         /.4         /.6      .  18         BO        IE 

Va/uesof  4- 


Z4         16 


Fig.  37o.     Diagram  for  the  Design  of  Beams  and  Columns  Under  Flexure  and  Direct 
Stress,  with  Reinforcement  in  Both  Faces — for-r-  <  M. 
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Crete,  is  subjected  to   a   direct    load   of  900,000  pounds  and  a  bending 

moment  of  180,000  foot-pounds.     Compute  the  values  of  /c  and  fj' 

d' 
We  first  compute  the  values  of  —  and  e,  getting 

^'       2.5       ^  ^^ 

180,000      „  „, 
''"'*  "  =  900;000  =  °-2  • 

Since  —  is  evidently  less  than  ^lo,  we  must  use  Fig.  37o.     We  now  com- 
pute  the  value  of  y,  which  is 

Turning  now  to  Fig.  37o,  we  first  enter  the  lower  diagram — which  is  for 

d'  e  f 

-  =  0.05— and  find,  for  —  =  0.067  and  p  =  0.90%,  that  ^  equals  1.03; 

d'  ^ 

and  then  enter  the  middle  portion,  for  which  —  =  0.10,  and  get  for  the 

f  d'  f 

value  of  y  1.05.     For  —  =  0.07,  the  value  of  y  will,  therefore,  be  1.04; 

and  fc  will  then  be 

_  900,000  ^  1  04  _  .4. 
•^'' -36X48  >^^-^^"  ^^^• 

f ' 
The  value  of  —  is  about  0.55,  so  that  //  =  0.55  X  540  =  300. 

Jc 

4.  Suppose  that  the  arch  rib  in  Problem  3  had  been  subjected  to  a 
direct  load  of  600,000  pounds  and  a  bending  moment  of  400,000  foot- 
pounds.    Compute  the  extreme  fibre  stresses. 

d' 
Figuring  first  the  values  of  -7-  and  e,  we  have 

d'      2.5       ^^^ 
T=36=^-«^> 

400.000       ^  ^^, 

^^^  ^  =  6io;ooo  =  ^-^^  • 

Since  -7-  is  evidently  a  trifle  less  than  W,  we  can  employ  Fig.  37o.     We 
a 

c 

then  calculate  the  value  of  y ,  which  is 
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Turning  now  to  Fig.  37o,  and    entering  with  -7-  =  0.22  and  p  =  0.9%, 

we  find  the  value  of  -7  to  be  1.58  when  -7-  =  0.05,  and  1.64  when  -7-  =  0.10: 
/  h  h  ' 

d'  f, 

80  that  for  —  =  0.07,  —  equals  1.6.     The  value  of /c  is,  therefore, 

600,000       ,  ^ 

Since  the  dotted  curves  are  used,  there  is  tension  over  a  part  of  the  section; 
and  the  value  of  /^  is  practically  zero. 

Case  III.     Tension  on  Part  of  the  Cross-Section — Special  Case  in  Which 
the  Reinforcement  is  Symmetrical 


Position  of  neutral  axis, 

fc  ^-  3  (I  -  |-)  A:^  +  12  np-^  A;  =  6  n  p  (-|-  +  2  -^).        [Eq.  119] 

Coefficient  of  resistance. 

Re  =  fc 

Moment  of  resistance. 


^^(3-..)+^""' 


^.=/,^ft'[^(3-2i)  +  2P»« 


■12 


— "i 


[Eq.  120] 


Fibre  stresses. 


M 


[Eq.  121] 
[Eq.  122] 

[Eq.  123] 
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Fig.  37g  is  drawn  for  beams  having  symmetrical  reinforcement,  with 

d' 
n  equal  to  15  and  —  equal  to  0.05,  0.1,  and  0.15.     It  gives  simultaneous 

values  of  p,  — ,  -r,  and  -~  for  cases  in  which  there  is  tension  on  part  of  the 

^     Jc  Jc 

h      R  f 

section,  and  of  p,  —,  -j,  and  ~  for  cases  in  which  there  is  compression 

^      Jc  Jc 

over  the  entire  section.     The  full  curves  apply  in  the  first  instance,  and 

the  dotted  ones  in  the  second.     The  dotted  curves  cover  a  range  of  values 

h  6 

of  —  which  is  also  taken  care  of  by  Fig.  37o.     For  values  of  -r-  ranging  from 
e  n 

—  to  — ■  { —  from  7  to  4 ) ,  either  of  the  two  figures  can  be  used  for  anv 
7  4  \e  / 

plotted  value  of  p;    and  Fig.  37g  apphes  down  ^'^'T  ^  m'  \      ^  ^^J '  ^^^ 

values  of  p  exceeding  0.7%.     As  stated  under  Case  II,  the  calculations 
required  with  Fig.  37o  are  a  trifle  simpler  than  those  with  Fig.  37^,  so 

1/7) 

that  Fig.  37o  should  ordinarily  be  employed  unless  -r  exceeds  'T'I*^^  — 
is  less  than  4  J , 

The  following  problems  illustrate  the  use  of  Fig.  37^: 

1.  Design  the  reinforcement  of  an  arch  rib  3'  4"  wide  and  2'  1"  deep, 

which  is  subjected  to  a  direct  stress  of  300,000  pounds  and  a  moment  of 

240,000  foot-pounds,  for  /,  =  600  and  /«  =  16,000. 
We  first  figure  the  value  of  e,  getting 

240,000 
^  ~  300,000  "  "-^  • 

Since  —  is  evidently  over  3^,  Fig.  37$  must  be  employed.     We  therefore 

h 
compute  the  value  of  — ,  which  we  find  to  be 

^  =  '-^  =  2.6. 
e        0.8 

Assuming  the  reinforcement  to  be  symmetrical  and  located  2}^"  from 

d' 
each  face,  the  value  of  -y-  becomes 
n 

d'      2.5 

—  =  —  =  0.1. 

h        25 


ojo     QJ^      m      m      m 

T7TT1 


a^0      o£e     cl^4     o^6     o?8 


QOd        QIO         m        0J4.         0/6        018        010        OZZ        OM        026        028 


y^/ues  of 


Fig.  37g.     Diagram  for  the  Design  of  Beams  and  Columns  under  Flexure  and  Direct 


Stress,  with  Reinforcement  in  Both  Faces — for  -r  >  -;^. 

h        4 
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We  next  figure  the  value  of  —  or  ,  ,,  .,  which  is 

Jc      oh^Jc 

R  _    240,000X12 

/,      40  X  252  X  600 

h  R 

Entering  the  central  portion  of  Fig.  37g  with  —  =  2.6  and  —  =  0.192, 

^  Jc 

fs 

we  find  the  required  value  of  p  to  be  1.5%  per  face.     The  value  of  -j-  at 

Jc 

this  point  is  about  5,  so  that  fs  equals  5  X  600,  or  3,000. 

2.  Suppose  that  in  Problem  1  the  steel  had  been  placed  2"  from  the  face 
of  the  concrete.     Design  the  reinforcement. 

In  this  case  we  have 

We  therefore  first  enter  the  central  portion  of  Fig.  37g,  for  which  —  =  0.1, 

and,' find,  as  before,  that  p  per  face  should  be  1.5%.     Entering  now  the 

d'  d' 

lower  portion,  for  which  —  =  0.05,  we  get  1.22%.     For  —  =  0.08,  we 

should  evidently  use  1.4%  per  face.     The  value  of  /s  is  about  5  X  600, 
or  3,000. 

3.  An  arch  rib  4'  0"  \vide  and  3'  0"  deep,  which  is  reinforced  with  1.2% 
of  reinforcement  in  each  face  placed  2}/^"  from  the  surface  of  the  con- 
crete, is  subjected  to  a  direct  load  of  750,000  pounds  and  a  bending  mo- 
ment of  360,000  foot-pounds.     Compute  the  value  of /c,  and  of /g  or/'^. 

d' 
We  first  figure  the  values  of  —  and  e,  which  are 

360,000       

^^  '  =  750,000  =  O-**- 

Since  7  is  about  3^,  Fig.  37o  would  be  the  best  one  to  use;    but  Fig.  37^ 
n 

will  be  employed  in  order  to  illustrate  the  application  of  the  dotted  curves 
thereon.     We  next  compute  the  value  of  -,  which  we  find  to  be 

-  -  —  -  6  25 
e   -  0.48  "  ^•^^' 

Entering  first  the  lower  part  of  Fig.  S7q  with  p  =  1.2%  and  -  =  6.25, 
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we  find,  for  —  =  0.05,  that  —  equals  0.128;    and  on  entering  the  central 

.      d'  ^^  R  d' 

portion,  for  which—  =  0.10,  we  find  that  —  equals  0.123.     For  —  =  0.07, 
R  ^  Jc  h 

-r-  will  therefore  be  0.126.     The  value  of  fc  is  then  found  to  be 

^    360,000  X  12     ^ 
^^      48X36-X0.126 

Since  the  dotted  lines  were  used,  there  is  compression  over  the  entire 
section;    and  the  value  oi  f'c  is,  approximately, 

Sc  =  550  X  0.15  =  80. 
Had  Fig.  37o  been  used,  we  would  first  have  figured  the  value  of  - ,  which  is 

-  =  ^  =  0.16, 

e  f 

We  then  find,  entering  Fig.  37o  with  -   =0.16  and  p  =  1.2%,  that  j 

d'  .  d'  .  -' 

equals  1.25  when  —  is  0.05,  and  1.30  when  —  is  0.10;    so  that  its  value. 
If  a  li 

when  —  =  0.07,  becomes  1.27.     The  value  of  fc  is,  therefore, 

_  750000 
•^''~  48X36^^-'^^  ~^^"' 

and  the  value  of  J'c  is,  approximately, 

/',  =  550  X  0.15  =  80. 
Shear,  Bond,  and  Web  Reinforcement 
Rectangular  Beams  of  Constant  Depth 
Maximum  unit  shear  on  cross-section, 

V  ui:o  ,^     ,^^, 

Unit  bond  stress, 

V  vh 

u  =  ~=r-  =  ^'  [Eq.  126] 

jdXo       2o  L    H         J 

Amount  of  shear  carried  by  concrete, 

V,  =  vjhd  [Eq.  127] 

Amount  of  shear  taken  by  web  reinforcement, 

V^  =  Vi+V,  =  V-V,  =  V-  vjbd.  [Eq.  128] 

Portion  of  unit  shear  v  taken  by  the  web  reinforcement, 

v^  =  Vi-\-v„  =  v  -  V,.  [Eq.  129] 
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Portion  of  unit  shear  v  taken  by  bars  inclined  at  45°, 
lAniiAJs       1.4  m,P,-        F,- 


Vi  = 


Required  spacing  of  vertical  stirrups, 


s„  = 


Unit  shear  carried  by  vertical  stirrups, 


V„  = 


Syb  Syb        bj  d' 

Amount  of  shear  carried  by  vertical  stirrups, 


Stress  in  one  bar  of  a  vertical  stirrup. 


[Eq.  130] 


Sib  Sib  bjd' 

Amount  of  shear  carried  by  bars  inclined  at  45°, 

Sf  Si 

Stress  in  one  bar  inclined  at  45°, 

=  Olllllb  ^  OTFa  =  ^j^,  [Eq.  1321 

m,"  jd7ni 

Unit  stress  in  bars  inclined  at  45°, 

•"      Ai         niiAi         jdniiAi 


[Eq.  134] 


[Eq.  135] 


V;,  ^  bj  dv„  ^ =  .  [Eq.  136] 

s„  Sj, 


=  ^Jil^J  =  J^^  =  AJ^,  [Eq.  137] 

Unit  stress  in  vertical  stirrups, 

The  value  of  j  may  be  taken  as  %  with  sufficient  accuracy  in  all 
calculations  for  shear  and  bond  stresses. 

Fig.  37r  can  be  used  for  the  design  of  vertical  stirrups  composed  of 
/^"»  /^">  and  ^"  round  bars,  and  for  the  design  of  web  reinforcement 
consisting  of  }4",  %" ,  %",  1",  and  lH"  round  bars  mclined  at  45°.  For 
the  ^"  and  3^"  bars,  the  diagrams  record  simultaneous  values  of  v^,  m 
per  foot  width  of  beam,  and  .s;  and  in  the  case  of  the  Yi"  hars  a  scale 
for  values  of  y,-  is  also  given  at  the  right,  although  it  will  rarely  be  needed. 
For  the  other  bars,  the  diagram  gives  simultaneous  values  of  ?\-,  m  per 
foot  width,  and  s;   and  in  the  case  of  the  ^|"  bars  a  scale  for  the  values 


/o  zo 

Honjonfa/  3^c/n^  ^  or  s^ 
Fig.  37r.    Diagram  for  the  Design  of  Web  Reinforcement. 
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of  Vp  IS  given  at  the  right,  although  it  will  hardly  ever  be  used.  Values 
for  ^"  round  bars  can  be  found  by  interpolating  between  the  results 
obtained  for  3^"  and  %"  bars,  and  those  l^s"  round  bars,  by  interpo- 
lating between  the  results  found  for  1"  and  1J4:"  bars.  The  use  of  Fig. 
37r  is  illustrated  on  page  932  et  seq. 

T-Beams  of  Constant  Depth 
Equations  125  to  138  apply  unchanged,  except  that  b  is  to  be  replaced 

by  b'.     The  quantity  j  d  may  be  taken  as  d  —  -  when  -  <  0.25,  and  as 

J/g  d  when  —  >  0.25,  with  sufl&cient  accuracy  in  all  cases.     Fig.  37r  can 

be  employed. 

Beams  of  Varying  Depth 

Amount  of  shear  to  be  carried  by  concrete  and  web  reinforcement, 

Vx^V,+  V^=V-j{C  sin  ^  +>  sin  ^') 

M 
=  V-jT  cos  iS'  (tan  /3  +  tan  /3')  =  F  -  -j  (tan  /3  +  tan  ^').    [Eq.  139] 

(j3  and  j8'  are  to  be  taken  as  positive  when  they  bear  the  relation  to  the 
direction  of  SP  shown  in  Fig.  37i,  and  negative  when  they  are  the  reverse.) 
Equations  125  to  138,  inclusive,  apply  unchanged,  except  that  V  is  to 
be  replaced  by  Fi;  and  Fig.  37r  can  be  employed. 

The  Positions  of  Critical  Sections  for  Pure  Shear  and  Diagonal 

Tension  in  Beams 

The  determination  of  the  positions  of  the  critical  sections  for  pure 
shear  is  not  difficult.  They  are  to  be  taken  at  the  edges  of  supports,  or 
at  the  edges  of  the  load  areas  of  concentrated  loads.  The  location  of  the 
critical  section  for  diagonal  tension  in  a  be.am,  however,  is  somewhat 
uncertain.  The  results  of  available  tests  will  first  be  discussed  briefly, 
and  then  working  rules  will  be  given. 

A  considerable  number  of  tests  have  been  made  on  simply  supported 
beams  carrying  concentrated  loads  at  the  third  points.  An  extensive 
series  of  such  tests  was  reported  by  Prof.  A.  N.  Talbot  in  Bulletin  No.  29 
of  the  Engineering  Experiment  Station  of  the  University  of  Illinois.  In 
the  case  of  the  beams  without  web  reinforcement  which  failed  by  diagonal 
tension,  the  failure  crack  was  almost  invariably  a  diagonal  one,  located 
about  midway  between  the  load  point  and  the  support.  In  the  case  of 
similar  beams  having  web  reinforcement,  a  diagonal  crack  usually  formed 
at  about  the  same  location  and  load  as  in  the  beam  without  web  reinforce- 
ment; and  then  at  a  load  somewhat  greater  a  similar  crack  frequently 
formed  at  the  supports.  Since  the  shear  was  constant  from  load  point 
to  support,  these  results  indicate  that  the  amount  of  diagonal  tension  de- 
veloped near  the  supports  or  the  load  points  was  less  than  that  which 
occurred  at  intermediate  points.     This  was  doubtless  due  to  the  fact  that 
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at  these  intermediate  points  true  beam  action  prevailed,  while  near  the 
supports  and  the  load  points  there  was  a  considerable  amount  of  arch 
action. 

If  this  latter  explanation  is  the  true  one,  we  should  expect  the  shearing 
strength  of  a  beam  loaded  in  the  manner  just  discussed  to  be  increased 
by  moving  the  loads  nearer  to  the  supports.  On  page  166  of  Turneaure 
and  Maiu-cr's  "Principles  of  Reinforced  Concrete  Construction"  there  is 
described  a  series  of  tests  on  beams  simply  supported  and  loaded  with 
two  equal  concentrated  loads  sjonmetrically  placed,  the  locations  of  these 
loads  being  varied  from  the  centre  of  the  beam  to  points  near  the  sup- 
ports. These  beams  were  of  4-foot  span,  and  were  4}^^  inches  deep.  The 
unit  shearing  strengths  developed  by  the  beams  for  various  positions  of 
the  loads  are  given  in  the  third  column  of  the  following  table: 


Distance  from  Load 
Point  to  Support 

Unit 
Shearing 

Stress 
Lbs./ins.2 

Assumed  Unit 
Diagonal 

Tensile  Stress 
Lbs.  /ins.- 

Ratio  of  Assumed  Unit 
Diagonal  Tensile  Stress 

In 

inches 

In  Terms  of 
Depth  of  Beam  d 

to  Unit  Shearing  Stress 
Lbs./ins.2 

24 

5.3  d 

177 

177 

1.0 

18 

4.0d 

200 

177 

0.89 

12 

2.7  d 

220 

177 

0.81 

8 

l.Sd 

316 

177 

0.56 

6 

1.3d 

512 

177 

0.35 

4 

0.9d 

850 

177 

0.21 

2 

0.5d 

1035 

177 

0.17 

The  rapid  increase  as  the  loads  approach  the  supports  is  apparent.  If 
we  assume  the  unit  diagonal  tensile  stress  developed  to  be  177  pounds 
per  square  inch  in  all  cases,  the  ratios  of  the  unit  diagonal  tensile  stresses 
to  the  unit  shearing  stresses  will  have  the  values  given  in  the  fifth 
column  of  the  table.  These  values  should  be  considered  very  rough  ones 
onh',  until  they  are  checked  by  other  tests;  but  it  is  evident  that  loads 
applied  to  the  top  of  a  beam  near  the  supports  will  produce  much  smaller 
diagonal  tensile  stresses  than  those  which  act  at  a  greater  distance  from 
the  ends  of  the  beam.  Similar  conclusions  can  be  drawn  from  some  tests 
of  simply  supported  beams  under  uniform  loading,  described  on  page  151 
et  seq.  of  Prof.  Morsch's  "Der  Eisenbetonbau."  In  each  of  these  beams 
failure  occurred  by  the  formation  of  a  diagonal  crack  at  a  distance  from 
the  supports  about  equal  to  the  depth  of  beam,  although  the  unit  shear  at 
this  point  was  considerably  less  than  that  at  the  edge  of  the  support. 

In  Bulletin  No.  67  of  the  Engineering  Experiment  Station  of  the 
University  of  Illinois  will  be  found  the  results  of  tests  on  a  number  of 
wall  footings.  In  such  of  these  footings  as  failed  in  diagonal  tension, 
the  failure  crack  started  at  the  reinforcement  at  a  distance  from  the  face 
of  the  wall  about  equal  to  the  depth  of  the  footing,  and  extended  diago- 
nally upward  to  the  junction  of  the  face  of  the  wall  and  the  top  of  the 
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footing.  The  critical  section  for  diagonal  tension  seems,  therefore,  to 
have  been  located  at  a  distance  from  the  face  of  the  wall  equal  to  the 
depth  of  the  footing.  The  nominal  vertical  shearing  stresses  at  this  crit- 
ical section  were  about  twice  those  usually  found  in  beam  tests,  and  the 
values  at  the  face  of  the  wall  were  about  forty  per  cent  larger  yet.  The 
length  of  the  footing  projection  was  2.4  times  the  depth  in  most  instances. 
From  the  ratios  given  in  the  fifth  cohmin  of  Fig.  37a  we  should  expect 
the  diagonal  tension  at  the  critical  section,  due  to  loads  placed  from 
2 Ad  to  l.Od  from  the  edge  of  the  support,  to  be  about  half  of  the  nominal 
vertical  shearing  stress  at  the  same  point,  which  value  agrees  with  the 
results  given  in  the  bulletin. 

The  same  bulletin  also  gives  the  results  of  some  tests  on  square  column 
footings.  The  location  of  the  critical  section  appears  to  have  been  about 
the  same  as  for  the  wall  footings,  but  the  nominal  unit  shearing  stress 
at  this  section  was  much  lower.  This  latter  effect  is  doubtless  due  to  the 
fact  that  the  section  for  resisting  diagonal  tension  is  less  than  that  for 
resisting  the  nominal  vertical  shear,  since  the  four  planes  along  which  the 
diagonal  tension  failure  occur  taper  toward  the  pier.  Also,  it  is  possible 
that  the  shear  was  not  distributed  uniformly  over  the  critical  section. 
The  nominal  unit  shear  on  the  section  at  the  face  of  the  pier  was  found 
to  be  about  the  same  as  for  the  wall  footings. 

In  all  tests  of  beams  which  have  come  to  the  author's  notice,  the  load- 
ing has  consisted  of  compressive  forces  acting  on  one  face  thereof,  rather 
than  tensile  forces  applied  to  one  face,  as  in  the  case  of  a  through  girder. 
It  is  quite  certain  that  the  resistance  to  diagonal  tension  would  be  low 
with  this  last-mentioned  kind  of  loading,  since  it  induces  direct  tensile 
stresses  in  addition  to  the  diagonal  tension. 

The  various  tests  which  have  been  cited  show  that  the  manner  of 
loading  of  a  beam  may  influence  decidedly  the  amount  of  diagonal  ten- 
sion developed  therein  and  also  the  position  of  the  critical  section.  Un- 
fortunately, they  are  not  sufficiently  extensive  to  warrant  the  drawing 
of  definite  conclusions.  The  author  suggests  the  following  working  rules, 
based  on  the  tests  and  upon  a  study  of  the  stress  trajectories  of  beams 
of  various  kinds.  The  rules  undoubtedly  err  considerably  on  the  side  of 
safety;  but  in  the  present  state  of  our  knowledge  this  condition  is  un- 
avoidable. 

For  a  slab  or  beam  carrying  a  heavy,  moving,  concentrated  load,  the 
edge  of  the  load  is  to  be  placed  at  a  distance  equal  to  the  depth  d  of  the 
said  slab  or  beam  from  the  edge  of  the  support,  and  the  unit  diagonal 
tensile  stress  on  the  portion  of  the  beam  between  the  load  and  the  edge 
of  the  support  is  to  be  considered  equal  to  the  unit  vertical  shearing 
stress  thereon. 

For  a  wall  footing,  the  critical  section  is  to  be  considered  located  at  a 
distance  from  the  face  of  the  wall  equal  to  the  depth  d,  and  the  unit  diag- 
onal tensile  stress  on  tliis  section  is  to  be  assumed  equal  to  the  unit  vertical 
shearing  stress  thereon. 
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For  a  column  lootinji;,  tlic  critical  section  is  to  be  considered  located 
at  a  distance  equal  to  half  the  depth  d  from  the  face  of  the  pier,  and  the 
unit  diao-onal  tensile  stress  on  this  section  is  to  be  assumed  equal  to  the 
unit  vertical  shearing  stress  thereon. 

For  a  beam  which  carries  a  uniform  loading,  the  critical  section  for 
diagonal  tension  near  a  support  on  which  the  beam  is  simply  supported 
is  to  be  taken  at  the  edge  of  the  said  support;  while  near  a  support  over 
which  the  beam  is  continuous,  it  is  to  be  taken  at  a  distance  from  the 
edge  of  the  support  equal  to  half  the  depth  of  the  beam.  In  both  cases 
the  unit  diagonal  tensile  stress  is  to  be  assumed  equal  to  the  unit  shearing 
stress  on  the  critical  section. 

For  beams  on  which  the  load  is  concentrated  at  several  load  points, 
or  on  which  the  load  is  distributed  but  not  uniform,  the  rules  just  given 
for  beams  carrying  uniform  loading  are  to  be  used. 

Moments  of  Inertia  of  Beams,  Columns,  and  Arch  Ribs 

The  moment  of  inertia  of  a  reinforced  concrete  beam  is  a  rather  un- 
certain quantity,  due  to  variations  in  the  modulus  of  elasticity  of  the 
concrete  and  to  the  effect  of  the  cracking  thereof  on  the  tension  side  of 
the  beam.  At  low  unit  stresses  in  the  steel — say,  3,000  pounds  per  square 
inch  or  less — the  concrete  will  still  exert  nearly  its  full  strength  in  tension; 
but  at  ordinary  working  stresses  a  large  portion  of  its  tensile  resistance 
\\all  have  disappeared.  The  1913  Report  of  the  Joint  Committee  sug- 
gests that  n  be  taken  as  eight  (Eg  =  3,750,000),  and  that  the  tensile 
strength  of  the  concrete  be  considered  zero.  The  accuracy  of  this  as- 
sumption can  be  tested  by  checking  the  deflections  of  beams  figured  on 
this  assmnption  against  the  results  obtained  in  actual  tests.  In  Bulletins 
28  and  29  of  the  Engineering  Experiment  Station  of  the  University  of 
Illinois,  and  in  Bulletin  No.  197  of  the  University  of  Wisconsin,  there 
will  be  found  the  deflection  curves  of  a  large  number  of  rectangular  beams 
and  T-beams.  If  the  deflection  curves  for  these  beams  be  computed  on 
the  assumption  just  given,  and  then  plotted  on  the  diagrams,  it  will 
be  found  to  give  very  satisfactory  results  when  the  steel  stresses  are  about 
16,000  pounds  per  square  inch.  In  view  of  this  fact,  the  author  considers 
it  to  be  the  best  rule  to  follow.  It  must  not  be  forgotten,  however,  that 
it  is  only  approximate,  and  that  in  any  particular  case  the  true  value 
may  differ  considerably  from  the  one  obtained  in  this  manner. 

The  moment  of  inertia  of  a  rectangular  reinforced  concrete  beam 
may  be  expressed  by  the  formula, 

I  =  ab  d\  [Eq.  140] 

The  value  of  a,  when  the  tensile  strength  of  the  concrete  is  ignored,  is 
given  by  the  equation, 

a  =  Hfc'  +  3  n  p  (1  -  kf],  [Eq.  141] 


840 


BRIDGE   ENGINEERING 


Chapter  XXXVII 


the  value  of  k  being  that  given  by  Equation  9.  The  lower  curve  in  Fig.  37« 
gives  values  of  a  for  various  values  of  p  and  for  n  =  8.  For  comparison, 
the  upper  curve  has  been  added  to  give  the  value  of  a  when  the  full  ten- 
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sile  resistance  of  the  concrete  is  considered.     For  this  latter  case    the 
equation  for  a  takes  the  form, 

a=\  \k^  +  (1  -  ky  +  3  n  p  (1  -  F)],  [Eq.  142] 

the  value  of  h  being  given  by  the  equation, 

1  +  2np 


/b  = 


2  +  2wp 


[Eq.  143] 


The  development  of  the  last  two  equations  can  be  found  on  page  120, 
ei  seq.,  of  Turneaure  and  Maurer's  "Principles  of  Reinforced  Concrete 
Construction." 

For  values  of  -p  less  than  0.5  per  cent,  the  lower  curve  will  undoubtedly 
give  results  somewhat  too  low. 

It  might  be  noted  that  if  n  be  taken  as  fifteen  {Ec  =  2,000,000),  and 

the  moment  of  inertia  of  the  concrete  section  only  be  used,  the  relative 

1        8 
value  of  a  will  be  77:  X  77,  or  0.044.     This  value  is  seen  to  agree  fairly 
12       15 

well  with  the  lower  curve  for  ordinary  percentages  of  steel;    and  where 
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there  is  no  great  variation  in  the  percentage  of  reinforcement  in  the  va- 
rious portions  of  a  girder,  the  use  of  this  approximate  rule  is  entirely 
satisfactory. 

The  moment  of  inertia  of  a  T-beam  may  be  found  with  sufficient 
accuracy  in  the  same  manner  as  for  a  rectangular  beam.     For  values  of 

—  much  less  than  those  of  k,  a  lower  value  should,  theoretically,  be  ob- 
a 

tained;  but  as  the  width  of  flange  to  be  considered  is  generally  indeter- 
minate, any  attempt  at  refinement  is  unjustified.  The  width  of  the 
flange  should  usually  be  taken  somewhat  larger  than  that  used  in  design- 
ing the  section. 

At  the  supports  of  continuous  T-beams  some  allowance  must  be 
made  for  the  tensile  strength  of  the  concrete  in  the  slab,  which  increases 
the  stiffness  of  the  beam  materially.  A  much  smaller  width  should  be 
taken  than  that  assumed  at  the  centre  of  the  span,  partly  because  the 
slab  will  be  cracked  at  intervals,  and  partly  because  the  point  of  con- 
traflexure  in  the  beam  is  so  close  to  the  support  that  the  stress  cannot 
spread  very  far  transversely.  The  simplest  manner  of  figuring  the  mo- 
ment of  inertia  of  such  a  section  is  to  compute  the  area  of  the  slab  for 
the  assumed  width  and  divide  it  by  8,  and  then  consider  the  area  of  the 
reinforcement  to  be  increased  by  this  amount. 

In  case  a  beam  which  carries  a  slab  is  designed  as  a  rectangular  beam, 
T-beam  action  must  be  considered  in  figuring  the  moment  of  inertia. 
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The  moment  of  inertia  of  a  column  depends  almost  entirely  upon  the 
value  of  ?i,  as  there  will  rarely  be  any  extensive  cracking  of  a  properly 
designed  column.  It  is  best  to  take  the  value  of  n  as  twelve  {E^  =  2,500,- 
000),  since  that  is  its  most  probable  value  at  ordinary  working  stresses. 
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A  good  discussion  concerning  the  choice  of  the  value  of  n  for  columns 
is  to  be  found  on  page  243,  et  seq.,  of  Turneaure  and  Maurer's  "Principles 
of  Reinforced  Concrete  Construction." 

The  moment  of  inertia  of  an  arch  rib  should  be  figured  for  the  entire 
section,  although  it  is  likely  to  be  cracked  at  the  points  where  the  maxi- 
mum stresses  occur.  To  allow  for  the  effect  of  such  cracking,  and  also 
for  the  fact  that  the  permissible  unit  stresses  are  higher  than  in  the  case 
of  a  column,  n  should  be  taken  as  fifteen  {Ec  =  2,000,000). 

Fig.  37f  gives  values  of  a  for  columns  and  arch  ribs  with  symmetrical 
reinforcement,  for  n  =  12  and  n  =  15,  and  for  various  values  of  pi  and 

d' 

— .  It  is  assumed  that  all  of  the  reinforcement  is  in  the  two  faces  of  the 
h 

column  or  rib,  the  percentage  pi  representing  the  sum  of  the  steel  areas 

in  the  said  two  faces. 

The  Calculation  of  the  Deflections  of  Beams  and  Arches 

The  deflections  of  reinforced  concrete  beams  should  be  figured  by  the 
ordinary  formulae  for  homogeneous  beams,  the  moments  of  inertia  being 
computed  as  explained  in  the  preceding  section  of  this  chapter.  The  re- 
sulting values  must  not  be  considered  as  in  any  way  exact;  but  they  will 
indicate  roughly  the  deflections  that  may  be  expected. 

The  deflections  of  arch  ribs  should  be  computed  by  the  method  given 

on  page  179  of  Part  II  of  "Modern  Framed  Structures,"  b}^  Johnson, 

Bryan,  and  Turneaure  (1910  edition),  or  on  page  344  of  Turneaure  and 

ds 
Maurer's  "Principles  of  Reinforced  Concrete  Construction."     If  --  is  not 

assumed  constant  (see  the  section  of  this  chapter  entitled  "The  Calcula- 
tion of  Stresses  in  Arch  Ribs  with  Fixed  Ends"),  it  must  be  put  under 
the  summation  sign.  The  solution  can  also  be  made  graphically,  as  is 
explained  in  Chapter  XII  on  page  238. 

The  Calculation  of  Stresses  in  Monolithic  Structures 

In  the  design  of  monolithic  reinforced  concrete  structures  it  is  neces- 
sary to  take  into  account  the  continuity  of  the  various  portions.  The 
method  of  calculation  must,  of  course,  be  based  on  the  elastic  properties 
of  the  different  members.  The  resulting  stresses  will .  be  but  approxi- 
mately correct,  as  no  investigation  of  a  continuous  structure  can  take 
into  account  all  of  the  factors  involved.  This  is  particularly  true  in  the 
case  of  reinforced  concrete  construction,  because  of  the  fact  that  the 
stiffness  of  a  reinforced  concrete  beam  decreases  in  an  uncertain  manner 
as  tlie  unit  stresses  therein  increase,  due  to  the  progressive  cracking  of 
the  concrete.  Approximate  methods  of  calculation  are  generally-  to  be 
considered  satisfactory.  It  is  essential,  however,  that  the  nature  of  the 
stresses  at  all  sections  be  correctly  determined,  even  though  no  attempt 
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be  made  to  get  exact  values  thereof,  and  that  reinforcement  be  provided 
at  all  points  where  tension  is  likely  to  exist;  for  otherwise  unsightly,  or 
even  dangerous,  cracks  are  likel}^  to  occur. 

Chapter  XI  treats  of  the  calculation  of  deflections  of  beams;  and 
Chapter  XII  gives  methods  to  be  used  for  computing  the  stresses  in 
continuous  beams  in  general.  The  principles  therein  presented  can  be 
applied  to  reinforced  concrete  structures.  The  Theorem  of  Three  Mo- 
ments will  be  found  useful  when  not  more  than  two  stiff  members  meet 
at  any  point,  and  the  Theorem  of  Four  Moments  when  there  are  more 
than  two  such  members  so  meeting.  Equations  1  to  42,  inclusive,  of 
Chapter  XI  can  frequently  be  employed,  especially  for  approximate  in- 
vestigations; and  Equations  43  and  44  of  the  same  chapter  can  be  used 
to  analyze  the  stresses  in  a  continuous  structure  of  any  kind.  The 
methods  presented  in  Bulletin  80  of  the  Engineering  Experiment  Station 
of  the  University  of  Illinois  will  also  be  found  valuable. 

In  Turneaure  and  Maurer's  ''Principles  of  Reinforced  Concrete  Con- 
struction" there  is  given  a  complete  analysis  of  the  moments  in  contin- 
uous beams  of  two  and  three  equal  spans,  for  uniform  loads  only;  and 
somewhat  similar  information  is  to  be  found  on  page  435  of  "Concrete, 
Plain  and  Reinforced,"  by  Taylor  and  Thompson.  A  much  fuller  discus- 
sion of  the  subject  of  stresses  in  continuous  members  is  to  be  found  in 
Part  II  of  Hool's  "Reinforced  Concrete  Construction."  This  latter  book 
gives  tables  and  diagrams  for  determining  moments  and  shears  in  beams 
of  two  and  three  equal  spans  for  both  uniform  and  concentrated  loads. 
It  also  treats  of  the  calculation  of  stresses  in  columns  continuous  with 
girders.     All  three  of  the  books  just  mentioned  discuss  the  selection  of 


00         0/  01         03         04         0.5         06         07         OS         OS         IM 


Fig.  37m.     Values  of  A;  -  A;^  and  2fc  -  3A;2  +  h^. 

approximate  coefficients  for  use  in  ordinary  design  work.    The  1913  Report 
of  the  Joint  Committee  also  recommends  values  for  such  coefficients. 

Fig.  37?/  u-ill  be  found  valuable  when  making  exact  calculations  for 
the  stresses  produced  by  concentrated  loads.     It  gives  values  of  k  -  k'' 
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and  2k  —  Sk^  +  k^,  k  having  its  usual  significance  in  continuous  girder 
formulae. 

Fig.  37t'  can  be  used  for  figuring  the  moments  (produced  by  uniform 
loads)  at  the  supports  of  continuous  beams  in  which  the  span  lengths 
are  unequal  and  the  moment  of  inertia  is  constant  throughout  the  length 
of  each  span,  but  not  necessarily  the  same  in  the  different  spans.  It  ap- 
plies directly  to  three-span  girders,  but  can  be  extended  to  serve  for  other 
cases.  The  diagram  gives  values  of  the  coefficients  A,  B,  and  C  in  the 
equation, 

Ml  =  -  Awik''  -  Bw2k-  -\-C  ws  ^3^  [Eq.  144] 

in  which  the  various  symbols  have  the  meanings  indicated  in  the  sketch 
of  the  beam  shown  thereon.  The  values  of  A,  B,  and  C  were  determined 
by  the  Theorem  of  Three  Moments. 

In  using  this  d'agram,  it  is  necessary  to  enter  at  the  lower  margin 

with  the  value  of  Ci  (or  fjYj)  ^^^  trace  vertically  to  the  curves  for  the 

value  of  Cs  (or  J^tt),  reading  the  values  of  the  coefl&cients  A,  B,  and  C 

at  the  right-hand  margin.  By  analogy,  coefficients  for  the  value  of  Mo 
can  evidently  be  found  by  the  formula, 

M2  =  Cwi  l^  -  Bw2  h^  -  Aw  3  k^  [Eq.  145] 

usmg  ci  =  r—r  and  (h  =  y-j-r. 

kl  ^2  hlJ-2 

When  the  moment  of  inertia  is  constant  throughout  the  three  spans, 
the  above  ratios  evidently  become  —  and  - . 

To  illustrate  the  use  of  the  diagram,  suppose  that  we  wish  to  find  the 
values  of  Mi  and  M2  in  a  three-span  continuous  girder  in  which  Zi,  k,  and 
I3  are  20  feet,  40  feet,  and  30  feet,  respectively,  and  the  moment  of  inertia 
is  constant  throughout  the  entire  girder.     We  then  proceed  as  follows: 

IVIoment  Mi. 

20      ^, 

C3  =  I  =  0.75. 

.*.  Ml  =  -  0.046  «':  X  20^  -  0.006^2  X  40^  -1-  0.0201^3  X  30^, 
=  -  18.4  wi  -  106  iV2  +  18  ivs. 
Moment  M2. 

c,  =  I  =  0.75, 
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C3  =  ^  =  0.5. 

.*.  M2  =  0.013  li'i  X  202  -  0.52  W2  X  40=  -  0.059  w^  X  30^, 
=  5.2  wi  —  8SW2  —  5S  W3. 

OZ         0.4  06  08  10  12  14- 


16  1.8 


08        1.0         1.2 
Va/ues  ofc,. 

Fig.  "SI v.     Moment  Coefficients  for  Continuous  Beams, 


U  1.6         18         20 


This  diagram  can  be  applied  to  a  two-span  girder  simply  supported 
at  the  ends  by  letting  h  and  h  represent  the  two  spans,  and  putting  7-  =  <», 
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(assuming  Z3  =  oo  or  /s  =  0),  under  which  circumstances  the  moment 
at  R2  due  to  loads  on  spans  h  and  U  is  zero.  For  instance,  if  we  had  such 
a  girder  in  which  the  spans  were  20  feet  and  40  feet  and  the  moment  of 
inertia  constant  throughout,  we  could  apply  the  diagram  in  the  following 
manner: 

Let  h  =  20, 

h  =  40, 

and  U  —  00. 

.-.  ci  =  0.5, 
and  C3  =  00. 

.-.  Ml  =  0.042  wx  X  202  +  0.083  w^  X  40^, 
=  16.8  wi  +  133  W2. 

Fig.  37y  also  will  serve  for  a  two-span  continuous  girder  simply  sup- 
ported at  one  end  and  fixed  at  the  other.     In  this  case  we  proceed  as  in 

the  last  instance,  except  that  — ,  and  therefore  C3,  is  taken  as  zero,  which 

is 

assumption  makes  the  beam  fixed  at  Ri. 

If  in  any  given  case  the  span  I7,  should  be  fixed  at  the  support  i^s,  the 

moments  M\  and  Mi,  due  to  loads  W\  and  voi,  will  be  the  same  as  though 

the  span  Iz  were  only  three-fourths  (^)  as  long  and  were  simply  supported 

M2 
at  Rz',   and  the  moment  at  Rz  will  be  equal  to —.     If  the  same  span 

be  continuous  over  Rz  with  a  span  of  equal  stiffness — I.e.,  of  equal  length 

and  moment  of  inertia — the  equivalent  span  length  for  a  span  simply 

supported  at  Rz  will  be  about  J^  Iz ;  and  the  moment  at  Rz  will  be  approxi- 

Mi 
mately  equal  to —.    Should  the  adjacent  span  be  stiff er,  the  equivalent 

length  ratio  will  vary  toward  ^  as  a  limit,  and  the  moment  ratio  toward 
—  3^;  while  if  it  be  more  flexible,  the  length  ratio  will  vary  toward  unity, 
and  the  moment  ratio  toward  zero.  The  truth  of  the  above  statements 
regarding  the  equivalent  span  lengths  can  be  determined  from  Equations 
7,  14,  and  21  of  Chapter  XI;  for  from  Equations  7  and  21  we  find  the 

3  3  7 

ratio  —,  and  from  Equations  14  and  21  the  ratio  ^-77:,  or  — .    The  moment 

4  3.46        8 

ratios  are  given  by  Equations  10  and  12  of  the  same  chapter. 

By  the  application  of  the  principles  given  in  the  preceding  paragraph. 
Fig.  37y  can  be  used  for  practically  any  continuous  girder;  and  they  will 
be  found  very  valuable  in  many  other  instances. 

Suppose,  for  example,  that  we  wish  to  find  the  moments  at  the  sup- 
ports of  the  four-span  continuous  girder  shown  in  Fig.  37w;,  the  moment 
of  inertia  of  the  girder  being  constant  throughout.  For  loads  vo\  and  1^2, 
we  can  consider  the  length  of  Iz  to  be  J^  X  30,  or  26.3;  and  for  loads 
Wz  and  W4,  we  can  assume  the  length  of  ^2  as  J^  X  40,  or  35.  We  then 
have: 
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Loads  Wi  and  w-i. 

For  Mo. 

20       n^       ^  26.3 

ci  =  —  =  0.5,  and  Cs  =  ~^  =  0.66. 

.-.  M 2  =  -  0.046  X  20-  X  wi  -  0.065  X  40^  X  W2, 
=  -  18.4  wi  -  104.0  W2. 

M,-0   u>,     ^2 We M3        wj        M4  W4  4/fs'O 


ll20' 


!^'40' 


3 


13-30' 


4 


U-40 


5 


Fig.  37w.     Sketch  of  a  Four-Span  Continuous  Girder. 

For  Mz. 

Cx  =  0.66,  and  C3  =  0.5. 

:.Mz=  +  0.014  X  20^  X  M^i  -  0.055  X  40^  X  W2, 

=  5.6  wx  -  88.0  ^2. 
For  M4. 

ilf4  =  -  1.4  wx  +  22.0  «;2. 

Loads  Wz  and  u'4. 

For  ilf  4. 

ci  =  —  =  1.33,  and  C3  =  ^  =  1.17. 

:.M^=  -  0.075  X  40'^  X  W4  -  0.044  X  30-  X  Wz, 

=  -  120.0  Wi  -  39.6  ws, 
For  Afs. 

ci  =  1.17,  and  Cs  =  1.33. 

.-.  M3  =  +  0.017  X  402  X  W4  -  0.047  X  30^  X  Ws, 

=  27.2  Wi  -  42.3  wz. 

For  Ma. 

i¥2  =  -  6.8  Wi  +  10.6  Wz. 

Collecting,  we  have 

ikfa  =  -  18.4  wi  -  104.0  W2  +  10.6 1^3  -  6.8  Wi, 

M 3  =  +  5.6  w;i  -  88.0  W2  -  42.3  Wz  +  27.2  «;4, 

and  Mi=  -  1.4w;i  +  22.0  wj2  -  39.6  iws  -  120.0  w;4. 

The  diagram  just  given  assumes,  as  do  all  other  methods  in  common 
use,  that  the  moment  of  inertia  of  each  span  is  constant  throughout 
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its  length.  The  variations  from  this  condition  which  ordinarily  occur 
can  be  neglected  without  appreciable  error.  The  question  is  discussed 
in  Hool's  "Reinforced  Concrete  Construction,"  Part  II,  page  390,  in 
Turneaure  and  Maurer's  "Principles  of  Reinforced  Concrete  Construc- 
tion," page  320,  and  in  Taylor  and  Thompson's  "Concrete,  Plain  and 
Reinforced,"  page  430.  If  in  any  case  it  should  be  necessary  to  take  into 
account  variations  in  the  moments  of  inertia,  the  moment-area  method  of 
calculating  deflections,  as  explained  in  Chapter  XII,  can  be  employed  to 
advantage,  especially  if  it  is  necessary  to  use  graphical  methods  of  inte- 
gration. An  example  of  the  calculation  of  stresses  in  columns  with  vari- 
able moments  of  inertia  is  to  be  found  in  a  paper  by  E.  E.  Howard,  Esq., 
M.  Am.  Soc.  C.  E.,  in  the  Proceedings  Am.  Soc.  C.  E.  for  May,  1915,  en- 
titled "The  Twelfth  Street  Trafficway  Viaduct."  The  computations  were 
the  work  of  E.  A.  Slettum,  Esq.,  C.  E.,  and  were  made  for  the  author's 
firm,  which  designed  the  structure  and  supervised  its  construction. 

The  values  of  the  moment  at  any  point  of  a  beam  can  be  easily  de- 
termined as  soon  as  the  moments  at  the  supports  have  been  figured,  as 
can  also  the  shears  at  the  ends.  For  a  beam  which  is  continuous  over 
one  support  and  simply  supported  at  the  other,  the  maximum  shear  at 
the  continuous  end  is  about  %  of  the  load  on  the  span,  and  at  the  free 
end  about  7i6-  If  a  beam  is  continuous  over  both  supports,  the  dead 
load  shears  at  each  end  will  be  about  half  of  the  load  on  the  span,  while 
the  maximum  live  load  shear  at  either  end  will  be  about  /le  of  the  said 
load.  These  ratios  hold  when  the  various  spans  are  nearly  alike.  The 
dead  load  shear  at  any  point  within  a  span  can  be  computed  very  easily. 
The  maximum  live  load  shear  at  any  point  can  be  figured  with  sufficient 
accuracy  by  calculating  its  value  with  the  span  fully  loaded,  and  then 
figuring  the  effect  of  removing  the  load  between  the  point  and  the  sup- 
port as  though  the  beam  were  simply  supported. 

The  method  of  computing  the  moments  of  inertia  of  beams  and  col- 
umns has  already  been  explained  in  the  section  of  the  chapter  entitled 
"Moments  of  Inertia  of  Beams,  Columns,  and  Arch  Ribs." 

In  all  cases  some  allowance  must  be  made  for  the  uncertainties  in 
the  assumptions  on  which  the  solution  is  based,  and  for  the  possible  set- 
tlement of  the  supports.  If  the  effective  lengths  are  taken  as  the  dis- 
tances from  centre  to  centre  of  supports  or  as  the  clear  span  lengths  plus 
twice  the  depth  of  the  beam  or  slab,  they  will  be  enough  greater  than 
the  true  effective  lengths  to  give  moments  some  ten  per  cent  in  excess 
of  the  true  values  in  most  instances — which  is  sufficient  to  provide  for 
ordinary  conditions. 

For  the  design  of  continuous  slabs,  standard  coeflftcients  should  be 

w  1? 
used.     For  uniform  loads,  the  moments  should  bo  taken  equal  to  — r- 

at  all  supports  and  at  the  centres  of  all  spans,  where  w  is  the  load  per  lineal 
foot  and  /  the  effective  span  length,  except  for  two-span  slabs.     The  above 
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value  is  a  trifle  low  for  the  support  next  to  the  end  one  and  for  the  centre 

w  T? 
portion  of  an  end  span;    and  on  this  account  the  value  — ■  is  used  by 

some  designers.  Since  the  supports  are  of  considerable  width,  the  former 
value  is  safe  enough;  and  it  is  the  one  recommended  by  the  Joint  Com- 
mittee.    For  two-span  slabs  the  moments  at  the  centre  support  and  at 

w  P 
the  centre  of  each  span  should  be  taken  as  — -.     For  a  single  concen- 

PI 
trated  load  P,  the  moment  near  the  centre  of  an  end  span  is  about  —  , 

PI 
and  of  an  intermediate  span  about  — .    For  similar  loads  P  at  the  centres 

of  two  adjacent  spans,  the  moment  at  the  intervening  support  will  be  a 

PI 
trifle  less  than  — .     When  I  is  taken  as  the  distance  from  centre  to  centre 

PI 
of  supports,  the  use  of  the  formula  —  for  the  moments  at  all  supports 

and  at  the  centres  of  all  spans  is  justified. 

For  small  beams  under  uniform  loading,  except  in  the  case  of  beams 
continuous  for  two  spans  only,  the  moments  at  the  centres  of  interme- 

diate  spans  and  over  intermediate  supports  should  be  taken  as  -— r-,  and 

those  near  the  centres   of  the   end   spans  and  over  the   adjacent  sup- 

w  l"^ 
port  as  — --.     For  single  concentrated  loads  P  placed  at  the  centres  of 

PI  PI 

the  spans,  the  corresponding  values  should  be  -r-  and  -r-.    For  beams 

o  5 

continuous  over  two  spans  only  and  carrying  uniform  loading,  the  moment 

w  1? 
at  the  centre  of  each  span  should  be  taken  as  —--,  and  over  the  middle 

w  l~ 
support,  as  -r-;    while  for  single  concentrated   loads  P  placed  at  the 

PI 

centres  of  the  spans,  the  formula  -^  can  be  used  for  the  moments  at  the 

5 

centres  of  the  spans  and  at  the  centre  support. 

In  the  design  of  large  continuous  girders  in  which  the  various  spans 
are  of  equal  length,  the  data  given  in  Turneaure  and  Maurer's  "Princi- 
ples of  Reinforced  Concrete  Construction,"  Taylor  and  Thompson's  "Con- 
crete, Plain  and  Reinforced,"  and  Part  II  of  Hool's  "Reinforced  Concrete 
Construction,"  and  previously  referred  to,  will  be  found  to  afford  the 
easiest  solution.  When  the  span  lengths  are  quite  different  and  the  load- 
ing is  uniform.  Fig.  37v  should  be  used.  Even  when  a  portion  of  the 
loading  is  concentrated,  it  will  usually  be  sufficiently  accurate  to  assume 
it  as  uniform  when  the  number  of  concentrations  is  three  or  more,  and  when 
the  total  load  per  foot  is  constant.  The  Theorem  of  Three  Moments  can 
be  used  if  an  exact  analysis  is  to  be  made  for  concentrated  loads.  If  the 
moment  of  inertia  of  a  span  varies,  a  special  solution  will  be  required  to 
give  exact  results.     Quite  frequently  the  moment  of  inertia  at  the  sup- 
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ports  is  greater  than  at  the  centre.  In  this  case  fairly  accurate  results 
can  be  obtained  by  figuring  the  moments  on  the  assumption  that  the 
moment  of  inertia  is  constant,  and  then  increasing  the  values  at  the  sup- 
ports somewhat,  and  likewise  decreasing  those  at  the  centres  of  the  spans. 
The  moment  at  the  centre  of  an  intermediate  span,  when  figured  by 
continuous  girder  formulae,  will  frequently  be  found  quite  small.  In  order 
to  ensure  that  proper  sections  will  be  used  for  such  spans,  a  minimum 
moment  coefficient  should  be  adopted.     This  should  not  in  any  case  be 

wl- 
less  than  -p;^;  and  unless  the  foundations  are  excellent  and  the  designer 

w  P 


20  ...  n 


is  to  supervise  the  construction,  a  somewhat  larger  value,  such  as  — —  or 
-r^,  should  be  used. 

In  figuring  stresses  in  continuous  girders,  the  stiffness  of  the  supports 
is  usually  neglected.  This  leads  to  very  small  errors  when  the  various 
spans  are  of  equal  length.  The  negative  moment  at  the  end  of  a  span 
which  is  longer  than  an  adjacent  span  will  be  increased  by  the  stiffness 
of  the  support,  and  the  positive  moment  at  its  centre  diminished;  while 
in  a  span  w^hich  is  shorter  than  the  adjacent  ones  a  reverse  effect  will 
occur.  A  fairly  accurate  value  of  the  moment  produced  in  a  column 
can  be  found  by  figuring  approximately  the  angle  through  which  the 
axis  of  the  girder  has  rotated  at  the  top  of  the  column,  assuming  the 
said  top  of  column  to  rotate  through  the  same  angle,  and  then  applying 
Equations  43  and  44  of  Chapter  XI.  The  value  thus  found  will  be  on 
the  safe  side,  since  the  stiffness  of  the  column  wall  reduce  somewhat  the 
angle  through  which  the  top  thereof  rotates.  The  effect  of  the  stiffness 
of  the  columns  on  the  stresses  in  the  girders  can  be  figured  by  assuming 
the  moment  at  the  top  of  each  column  to  be  divided  between  the  two 
girders  it  carries  in  proportion  to  their  ratios  of  /  over  I.  As  a  rough 
working-rule,  it  may  be  assumed  that  the  bending  moments  produced 
in  a  column  by  either  the  cross  girders  or  the  main  girders  will  add  about 
100  pounds  per  square  inch  to  the  unit  stresses  produced  by  the  direct 
loads  only  on  the  concrete  at  the  section  just  below  the  girders. 

If  the  top  of  a  column  is  moved  horizontally  by  the  contraction 
or  expansion  of  girders  resting  thereon,  the  resulting  stresses  in  the  col- 
umn can  be  figured  directly  by  means  of  Equations  39  to  42,  inclusive, 
of  Chapter  XI ;  but  Equations  43  and  44  of  that  chapter  will  also  apply. 
If  the  column  is  battered,  it  will  be  sufficiently  accurate  to  use  the  width 
at  a  point  one-quarter  of  the  distance  below  the  top  in  figuring  the  unit 
stress  at  the  top,  and  the  width  at  a  point  one-quarter  of  the  distance 
above  the  bottom  in  figuring  the  unit  stress  at  the  bottom. 

The  moments  produced  in  the  columns  of  a  bent  by  loads  on  the 
cross  girder  can  be  computed  by  "means  of  Fig.  37f ;  for  in  order  that 
this  diagram  be  applicable  it  is  not  necessary  that  the  various  spans  of 
the  girder  lie  in  one  straight  line.     It  is  essential,  however,  that  there 
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be  no  movement  of  tlie  tops  of  the  columns  in  any  direction.  If  the 
columns  are  fixed  at  the  bottom,  only  ^  of  their  lengths  should  be  used 
in  computing  the  values  of  Ci  and  C3.  If  they  are  battered,  the  moment 
of  inertia  should  be  taken  somewhat  less  than  the  average  in  figuring  the 
moment  at  the  upper  end — say  that  at  a  point  /^  or  3^  of  the  distance 
below  the  top;  and  if  the  columns  are  fixed  at  the  base,  the  moment  at 
the  bottom  "\^^ll  be  somewhat  greater  than  half  of  that  at  the  top. 

The  effect  of  eccentric  loads  on  columns  can  be  %ured  by  means  of 
Equation  30  of  Chapter  XI. 

The  stresses  produced  in  columns  and  girders  by  wind  and  traction 
loads  can  be  figured  by  means  of  Equations  43  and  44  of  Chapter  XI. 
The  application  of  these  equations  is  well  illustrated  in  Bulletin  80  of 
the  Engineering  Experiment  Station  of  the  University  of  Illinois. 

The  Calculation  of  Stresses  in  Rectangular  Slabs  Reinforced 

IN  Two  Directions 

When  a  rectangular  slab  reinforced  in  two  directions  is  loaded  with 
a  uniform  load  over  its  entire  area,  or  with  a  concentrated  load  at  its  cen- 
tral point,  the  loading  will  divide  between  the  two  systems  of  reinforce- 
ment approximately  in  proportion  to  the  relative  stiffness  of  the  slab 
in  the  two  directions.  The  stiffness  of  a  beam  subjected  to  a  uniform 
load  is  inversely  proportional  to  the  fourth  power  of  its  length,  and  that 
of  one  carrying  a  single  concentrated  load  at  tlie  centre  to  the  cube  of 
its  length.  If  a  slab,  the  dimensions  of  which  are  k  and  k,  carries  a  uni- 
form load  of  w  per  unit  area,  the  portion  Wi  thereof  carried  by  the  rein- 
forcement parallel  to  the  length  h  is  approximately  that  given  by  the 
formula, 

^^  =  ^l^^r  tEq.  146] 

Similarly,  if  the  same  slab  carry  a  load  P  at  its  central  point,  the  portion 
Pi  carried  by  the  reinforcement  parallel  to  Zi  can  be  found  by  the  formula, 

P'  =  P  ^-  [Eq-  1471 

Equations  146  and  147  assume  that  the  slab  has  the  same  degree  of 
fixity  over  the  supports  in  the  two  directions,  since  the  stiffness  of  a  beam 
is,  to  a  large  extent,  dependent  upon  the  condition  of  the  ends.  A  beam 
fixed  at  both  ends  is  about  four  or  five  times  as  stiff  as  one  free  at  both 
ends,  and  a  beam  continuous  over  both  supports  is  about  twice  as  stiff 
as  one  free  at  both  ends.  This  factor  should  be  taken  into  account  wher: 
there  is  a  great  difference  in  the  amount  of  fixity  in  the  two  directions; 
but  with  most  slabs  it  should  be  ignored,  especially  as  Equations  146  and 
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147  are  at  best  but  approximate,  and,  consequently,  refinement  is  not 
justified. 

If  the  length  of  the  slab  in  one  direction  exceeds  that  in  the  other 
direction  by  more  than  fifty  per  cent,  it  will  be  best  to  assume  the  entire 
load  to  be  carried  by  the  reinforcement  running  in  the  shorter  direction. 

The  moments  per  foot  of  width  ia  the  two  directions  should  be  figured 
by  means  of  the  coefficients  given  in  the  preceding  section  of  this  chapter, 
making  due  allowance  for  the  fixity  of  the  ends.  A  thorough  discussion 
of  the  moments  in  the  slab  itself  and  of  the  distribution  of  the  loads  on 
the  supporting  beams  is  to  be  found  on  page  808  of  Turneaure  and  Maur- 
er's  "Principles  of  Reinforced  Concrete  Construction."  Uniform  loads 
only  are  considered,  but  the  method  of  analysis  can  be  appfied  to  con- 
centrated loads  as  well. 

If  a  slab  carries  a  load  which  is  spread  over  a  considerable  area  at 
the  centre,  rather  than  concentrated  at  a  point,  it  will  be  best  to  calcu- 
late the  distribution  in  the  two  directions  as  though  it  were  actually 
concentrated  at  a  point.  Should  the  loaded  area  be  considerably  longer 
in  one  direction  than  the  other  (as  in  the  case  of  the  front  wheel  of  a 
road-roller),  it  will  still  be  sufficiently  accurate  to  follow  this  same  pro- 
cedure. The  dimensions  of  the  load  should  be  used,  however,  in  deter- 
mining the  width  over  which  it  is  to  be  distributed,  and  also  in  computing 
the  moments. 

The  maximum  shears  from  a  concentrated  load  will  be  nearly  the 
same  as  for  a  slab  reinforced  in  one  direction  only,  for  the  reason  that 
when  such  a  load  is  placed  near  a  support,  practically  the  entire  amount 
will  be  carried  by  one  system  of  reinforcement.  When  a  load  is  spread 
over  a  considerable  area,  the  above  statement  may  not  be  true. 

The  Distribution  of  Concentrated  Loads  over  Slabs 

The  question  of  the  distribution  of  concentrated  loads  over  slabs 
is  an  important  one  to  the  bridge  engineer,  since  the  roadway  floor-slab 
in  nearly  every  bridge  is  to  be  designed  for  either  a  road-roller  or  a  motor- 
truck; and  it  is  very  desirable  to  know  the  width  of  a  slab  which  will 
be  effective  for  carrying  such  loads.  Unfortunately,  there  is  but  little 
experimental  knowledge  bearing  on  the  subject.  A  few  tests  were  reported 
in  a  paper  by  A.  T.  Goldbeck,  Esq.,  C.E.,  which  was  published  in  the 
1913  Proceedings  of  the  American  Society  for  Testing  Materials.  These 
tests  indicated  that  the  effective  width  was  about  eight-tenths  (0.8)  of 
the  span  length.  In  a  discussion  of  Mr.  Goldbeck's  paper,  W.  A.  Slater, 
Esq.,  C.E.,  gave  the  results  of  some  tests  made  at  the  University  of 
Illinois.  Mr,  Slater  suggested  that  when  a  -concentrated  load  is  placed 
at  the  centre  of  a  slab  supported  on  two  sides  only,  the  resulting  moment 
should  be  considered  to  distribute  over  an  effective  width  bj^  given  by  the 
formula, 

bm  =  I  tan  d,  [Eq.  148] 
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in  which  /  is  tlio  span  of  iho  sUib,  iiiul  l;m  0  clepeiuls  upon  the  ratio  of 
the  width  of  the  slab  to  its  span  length.  He  gave  a  curve  for  the  values 
of  tan  6.  A  fairly  extensive  series  of  tests  is  reportcnl  in  Bulletin  No.  28 
of  the  Highway  Department  of  the  State  of  Ohio,  which  was  issued  in 
September,  1915.  This  report  suggests  that  the  effective  width  be  taken 
as  six-tenths  (0.6)  of  the  span  length  plus  one  and  seven-tenths  (1.7) 
feet.  This  rule  is  based  upon  the  conclusion  that  the  effective  width, 
in  percentage  of  the  span  length,  decreases  as  the  span  length  increases. 
Such  a  deduction,  however,  appears  to  be  unwarranted;    for  while  the 
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Fig.  37a;.     Diagram  for  Determining  the  Distribution  of  Concentrated  Loads  over  Slabs. 


tests  seem  at  first  glance  to  be  in  agreement  therewith,  this  apparent 
agreement  is  due  to  the  fact  that  the  applied  load  was  distributed  over 
a  considerable  width,  rather  than  concentrated  at  a  point.  If  the  widths 
of  the  load  areas  be  subtracted  from  the  effective  widths  given  in  the 
Bulletin,  and  the  remainders  be  divided  by  the  corresponding  span  lengths, 
the  values  of  the  resulting  ratios  will  be  found  to  be  affected  but  slightly 
by  the  differences  in  the  span  lengths.  The  effective  widths  determined 
in  this  manner  indicate  values  somewhat  higher  than  those  given  by 
Mr.  Slater's  curve. 

Until  further  experiments  have  been  performed,  it  would  appear  ad- 
visable to  use  the  formula  suggested  by  Mr.  Slater.  The  upper  curve 
in  Fig.  37a;  is  of  the  same  form  as  Mr.  Slater's  curve,  but  it  has  been 
drawn  in  a  trifle  higher  to  agree  with'  the  results  of  the  Ohio  tests.  It 
gives  values  of  tan  B  for  use  in  Equation  148,  for  various  ratios  of  the 
width  of  the  slab  V  to  its  span  length  I. 

Equation  148  applies  directly  only  to  a  single  load  concentrated  at 
a  point  at  the  centre  of  a  slab  which  is  supported  along  two  sides  only 
and  is  not  continuous  over  these  supports.     It  is  impossible  to  determine 
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with  much  accuracy  the  effect  of  variations  from  this  ideal  condition;  but 
the  folloAving  rough  working  rules  will  handle  practical  problems  in  as 
satisfactory  a  manner  as  is  possible  at  the  present  time. 

If  a  load  is  distributed  over  a  considerable  area  rather  thaji  concen- 
trated at  a  point,  the  following  method  can  be  employed.     In  Fig.  37t/ 


Fig.  37y. 


Fig.  37z. 


D  C 

Fig.  37aa.     Arrangcmonts  of  Concentrated  Loads  on  Slabs. 


suppose  ABCD  to  represent  a  slab  simply  supported  along  the  lines  AB 
and  CD,  and  unsupported  along  AD  and  BC.  Suppose  a  load  P  to  be 
uniformly  distributed  over  an  area  of  length  c  and  width  w,  the  centre 
of  this  area  being  at  the  centre  of  the  slab.  Then  the  maximum  moment 
will  occur  at  the  centre  of  the  span,  and  may  be  considered  distributed 
over  a  width  bm  given  by  the  expression, 


bjn  =  w  -\-  I  tan  d,   but  never  >  V. 


[Eq.  149] 


i 
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If  we  should  enter  Fig.  2Hx  with  values  of  — r- ,  rather  than  those  of  — , 

6  L 

the  width  6,„  would  always  come  out  less  than  /',  and  this  procedure  would 
probably  be  the  more  logical  one  to  follow;  but  the  refinement  would 
hardly  be  warranted.  The  moment  per  unit  of  width  at  the  centre  of 
the  span  is  evidently 

^^  =  4x0-5)-  [E'l-is"! 

If  a  slab  simply  supported  along  two  sides  carries  two  equal  loads  P 
arranged  symmetrical  y  about  the  centre  of  the  span,  as  shown  in  Fig. 
372:,  we  may  consider  the  value  of  6^  to  be 

hm  =  w  -{•  {I  —  c)  tan  d,   but  never  >l'  [Eq.  151] 

V —w 

In  this  case  it  would  be  logical  to  employ  values  of instead  of  those 

■jf  '      ^    ]' 

for  — ;   but,  as  in  the  preceding  case,  the  use  of  the  ratio  y  is  sufficiently 

accurate.     The  moment  per  unit  of  width  is  evidently 

i^  =  2^  (^  -  c).  [Eq.  152] 

If  a  similar  slab  carries  two  equal  loads  P,  arranged  as  shown  in  Fig. 
37aa  and  located  symmetrically  about  the  centre  of  the  slab,  the  width 
hjn  should  first  be  found  for  one  of  the  loads  by  Equation  149.  If  the 
resulting  value  of  6^  is  not  greater  than  Wi,  it  s  to  be  used;  but  if  it  is 
larger,  the  correct  value  of  h^  for  the  two  loads  can  be  found  by  the 
formula, 

hm  =  w  -\-  Wi  -\-  I  tan  6,   but  never  >V;  [Eq.  153] 

and  the  value  of  the  moment  per  unit  of  width  is  then  evidently 


=  2t('-|)-  !'=<'•  i^"' 


"       26,. 

Ordinarily,  a  slab  will  be  supported  along  the  fines  AD  and  BC  as 
w-ell  as  along  the  lines  AB  and  CD.     In  case  the  ratio  —  equals  or  exceeds 

two,  the  formulse  already  given  should  be  used  unchanged.  When  this 
ratio  is  less  than  two,  the  effect  of  the  additional  supports  can  be  allowed 
for,  either  by  increasing  the  value  of  tan  6  somewhat  or  else  by  assum- 
ing a  portion  of  the  load  to  be  carried  to  the  said  additional  supports. 

y 
The  latter  method  is  to  be  preferred,  especially  if  the  ratio  y-  is  consid- 
erably less  than  two.     The  division  of  loads  between  two  systems  of  rein- 
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forc?ment  in  rectangular  slabs  supported  on  four  sides  has  already  been 
discussed. 

If  a  slab  is  restrained  at  the  supports,  the  effective  width  h^  will  be 
less  than  for  a  slab  which  is  simply  supported.  Approximate  values  of 
tan  6  for  such  slabs  may  be  determined  as  follows: 

In  the  case  of  a  slab  fixed  at  both  ends,  there  -will  be  lines  of  contra- 
flexure  at  the  quarter  points  of  the  span,  so  that  the  centre  portion  is 
practically  a  simple  beam  of  length  0.5/.  If  the  slab  should  remain  straight 
along  these  lines  of  contraflexure,  the  proper  distribution  width  would  be 
one-half  of  that  for  a  simply  supported  span.  However,  points  on  these 
lines  directly  opposite  the  loads  will  deflect  more  than  points  on  either 
side,  which  will  increase  somewhat  the  width  of  distribution.  In  the 
absence  of  any  definite  information,  it  will  be  satisfactory  to  assume  a 
value  of  tan  6  about  three-quarters  of  that  for  the  simply  supported  slab. 
The  lower  curve  on  Fig.  37x  has  been  drawn  on  this  basis.     For  small 

I' 
values  of  the  ratio  —  it  has  been  assumed  that  the  distribution  would 

be  about  the  same  as  for  a  simply  supported  slab. 

For  a  slab  fixed  at  one  end  and  simply  supported  at  the  other,  the 
value  of  tan  9  should  be  a]:)out  the  average  of  those  for  the  slab  fixed  at 
both  ends  and  for  the  slab  free  at  both  ends.  The  curve  on  Fig.  37x 
was  drawTi  on  this  assumption. 

A  similar  study  for  a  span  continuous  over  both  supports  with  other 
spans  of  equal  length  indicates  that  the  value  of  tan  6  will  be  about  the 
same  as  for  the  slab  fixed  at  one  end  and  free  at  the  other,  and  the  curve 
for  the  latter  condition  on  Fig.  37a;  will  handle  this  case  also.  For  a 
slab  having  one  end  free  and  the  other  continuous,  the  values  should  be 
taken  as  half-way  between  the  curve  last  mentioned  and  that  for  a  slab 
with  both  ends  free. 

The  moment  at  the  centre  or  ends  of  a  slab  fixed  at  both  ends  should 
be  taken  as  one-half  of  that  at  the  centre  of  a  simply  supported  slab.  In 
the  case  of  a  span  fixed  at  one  end  and  simply  supported  at  the  other,  the 
above  ratio  should  be  %;  and  this  same  value  can  be  used  with  sufficient 
accuracy  when  one  or  both  ends  are  continuous. 

The  effective  width  to  be  emploj-ed  in  figuring  shearing  stresses  is  not 
known  positively;  but  for  a  load  in  anj^  given  position  it  seems  quite 
certain  that  it  should  be  at  least  as  great  as  that  effective  for  resisting  the 
moment.  In  computing  the  maxmium  shear  from  the  loading  shown  in 
Fig.  S7y,  the  load  should  be  placed  so  that  the  distance  from  the  edge  of 
the  load  area  to  the  edge  of  the  support  is  equal  to  the  depth  of  the  slab. 
If  wo  let  Ci  equal  the  width  of  the  support,  we  shall  have  for  the  value  of 
the  reaction  on  the  said  support 

R  =  P ^-j =-.  [Eq.  155) 
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This  value  of  R  is  also  equal  to  the  total  shear  on  the  section  at  the  edge 
of  the  support.  The  effective  width  bg  for  resisting  this  shear  will  then 
be  that  given  by  the  equation, 


b,  =  w-i-2  (I  +  ^  +  |-)  tan  d.  [Eq.  i; 


The  value  of  tan  d  should  be  taken  as  %,  unless  the  width  of  the  slab 
is  but  little  greater  than  w.     The  shear  per  unit  of  width  is  evidently 

equal  to  r-. 

In  determining  the  shears  produced  by  the  loading  showTi  in  Fig. 
S7z,  Equations  155  and  156  should  be  applied  to  each  of  the  loads  sep- 
arately, and  the  sum  of  the  results  used.  For  the  loading  showTi  in  Fig. 
Z7aa,  Equation  156  can  nearly  always  be  employed,  as  the  value  of  6s 
will  be  less  than  u"i  in  practically  even.'  mstance. 

The  tests  reported  by  Messrs.  Goldbeck  and  Slater  seem  to  indicate 
that  at  working  loads  the  width  of  distribution  is  independent  of  the 
amount  of  the  transverse  reinforcement.  This  effect  is  due  to  the  tensile 
strength  of  the  concrete,  which,  however,  is  not  relied  upon  in  correct 
design.  In  order  to  pro^^de  for  the  distribution  given  by  the  above 
formulae,  the  transverse  reinforcement  should  be  from  one-quarter  to  one- 
third  as  strong  as  the  longitudinal. 

The  term  "load  area"  has  been  used  throughout  this  discussion  to 
signif}'  the  area  over  which  the  load  is  apphed  to  the  upper  surface  of 
the  slab.  Each  dimension  of  this  ''load  area"  is  to  be  taken  as  equal 
to  the  corresponding  dimension  of  the  load  itself,  plus  the  thickness  of 
any  pa^'ing,  filling,  etc.,  which  may  intervene  between  the  load  and  the 
slab.  In  the  case  of  an  electric  railway  track  with  the  rails  resting  on 
steel  ties  embedded  in  a  plain  concrete  slab,  the  "load  area"  for  each 
axle-load  should  be  taken  about  two  (2)  feet  long,  and  equal  in  width 
to  the  tie  length;  while  if  the  ties  rest  in  ballast,  a  still  greater  area  can 
be  used. 

The  CALcrLATiox  of  Stresses  in  Colu^in  Footings 

The  stresses  in  spread  footings  of  columns  are  indeterminate.  Quite 
a  number  of  methods  of  calculation  have  been  proposed,  based  on  judg- 
ment or  on  approximate  theoretical  investigations.  The  only  extensive 
experiments  upon  the  subject  that  have  ever  been  made  were  performed 
at  the  Engineering  Experiment  Station  of  the  Universit3'  of  Illinois;  and 
a  discussion  thereof  by  Prof.  A.  N.  Talbot  is  to  be  fomid  in  Bulletin  No. 
67  issued  by  that  school.  It  gives  formulae  for  design  based  upon  the 
tests  and  theoretical  studies. 

The  formulae  are  derived  for  square  footings  of  the  type  shown  in 
Fig.  3766.     In  this  figure,  I  is  the  length  of  each  side  of  the  footing,  which 
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projects  a  distance  c  beyond  the  column  in  each  direction;  and  a  is  the 
length  of  each  side  of  the  square  column  shaft.  Prof.  Talbot  suggests 
that  the  moment  in  the  footings  be  figured  along  a  line  A  —  A'  through 
one  face  of  the  colunm.     He  assumes  the  total  moment  on  this  section 
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Fig.  3766.    Square  Column  Footing. 


Fig.  37cc.     Rectangular  Column  Footing. 


to  be  due  to  the  load  on  one-quarter  of  the  footing  outside  of  the  column, 
and  finds  for  its  value  the  expression, 


M  =  (3^  a  c2  +  0.6  c3)  w, 


[Eq.  157] 


where  w  is  equal  to  the  foundation  pressure  per  unit  area  less  the  weight 
of  the  footing  slab  per  unit  area.  If  the  load  on  the  trapezoid  indicated 
by  the  dotted  lines  had  been  used,  the  coefficient  0.6  in  the  above  equa- 
tion would  have  been  replaced  by  ^.  The  value  0.6  was  arrived  at  by 
a  theoretical  consideration  of  the  distribution  of  the  load  on  the  corner 
portions  of  the  footing,  based  on  the  flexure  curves  from  actual  tests. 
Prof.  Talbot  then  assumes  this  moment  to  be  uniformly  distributed  over 
a  width  6  given  by  the  expression. 


a^-2d-\-y2{l-  a-2d). 


[Eq.  158] 


The  author  does  not  consider  that  Equation  157  gives  the  correct 
value  of  the  total  moment  on  the  section  A  —  A',  and  uses  instead  the 
formula, 

M  =  y2lc''w.  [Eq.  159] 

This  latter  expression  would  certainly  be  the  correct  one  if  a  wall  footing. 
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in  which  the  wall  extended  along  the  line  A  —  A'  ior  the  full  width  of 
the  footing,  were  under  consideration;  and  there  is  no  reason  why  the 
value  should  bo  any  less  in  the  case  of  the  column  footing.  It  is  true  that 
half  of  the  load  on  the  corner  portion  of  the  footing  will  be  carried  in  the 
first  place  by  reinforcement  parallel  to  the  section  A  —  A';  but  it  must 
be  eventually  transferred  to  the  column  shaft  by  the  reinforcement  run- 
ning in  the  other  direction.  The  use  of  Equation  159  does  not  mean 
that  the  load  at  the  corners  is  counted  twice,  as  is  stated  on  page  14  of 
the  bulletin. 

It  is  necessary  to  determine  the  effective  width  for  resisting  the  mo- 
ment given  by  Equation  159.  An  approximate  value  can  be  computed 
from  Prof.  Talbot's  tests  in  the  following  manner: 

For  the  uiu-euiforced  wall  footings,  the  average  ratio  of  the  modulus 

of  rupture  of  footing  to  that  of  control  beam  is  1,25.     If  for  the  unrein- 

forced  column  footings  the  modulus  of  rupture  be  computed  by  assuming 

the  moment  given  by  Equation  159  to  be  uniformly  distributed  over  the 

full  width  of  the  section,  the  corresponding  value  is  found  to  be  0.87. 

0  87 
Since  — ^  equals  0.70,  it  is  evident  that  about  70  per  cent  of  the  width 

of  the  column  footing  was  effective  for  resisting  the  moment.  This  value 
is  not  to  be  considered  as  very  accurate,  because  the  results  of  the  different 
tests  were  somewhat  variable;  but,  undoubtedly,  the  correct  value  lies 
somewhere  between  65  and  80  per  cent. 

For  the  reinforced  wall  footings  which  gave  tension  failures,  the  ratios 
of  the  computed  steel  stresses  at  the  critical  loads  to  the  yield  points  of 
the  steel  average  about  1.11.  Most  of  these  footings  carried  loads  con- 
siderably above  the  critical  values  before  final  failure;  but  it  is  doubtful 
if  the  steel  stresses  were  much  greater  than  those  at  the  critical  loads. 
If  for  the  reinforced  column  footings  which  failed  in  tension  the  moments 
be  figured  by  means  of  Equation  159,  and  the  stresses  in  the  steel  then 
be  calculated  on  the  assumption  that  the  entire  amount  thereof  is  effec- 
tive, the  value  of  the  above-mentioned  ratio  is  found  to  be  about  1.13. 
This  result  would  indicate  that  at  the  time  of  failure  practically  the  entire 
amount  of  steel  was  effective.  As  pointed  out  on  page  94  of  the  Bulletin, 
however,  it  is  probable  that  the  bars  near  the  centre  of  the  footing  reached 
their  yield  point  at  loads  somewhat  below  the  failure  loads,  and  that  as 
the}^  gave  way  the  distribution  of  the  steel  stresses  became  more  nearly 
uniform.  Undoubtedly,  the  effective  width  was  somewhat  less  than  the 
total  before  the  failure  stage  was  reached;  and  ao  working  loads  it  would 
evidently  be  still  smaller.  Taking  into  consideration  the  results  obtained 
from  the  unreinforced  footings,  it  would  appear  that  the  effective  width 
was  probably  somewhat  less  than  seven-eighths  (J^)  of  the  total — say  from 
eighty  to  eighty-five  per  cent. 

The  effective  widths  previously  discussed  have  referred  only  to  those 
for  the  steel.     For  the  concrete  stresses,  the  proper  values  will  doubtless 
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be  less;    but  as  the  shear  (diagonal  tension)  wall  always  determine  the 
thickness  of  the  slab,  the  compressive  stresses  are  of  no  importance. 

For  designing  pm-poses  it  wall  be  necessary  to  assume  a  formula  for 
the  effective  width  that  will  give  consistent  results  for  footings  of  various 
proportions.  A  study  of  the  results  of  the  tests  fails  to  give  much  in- 
formation concerning  the  proper  form  of  such  an  equation.  It  does  in- 
dicate, however,  that  the  depth  of  the  footing  is  of  small  importance, 
the  effective  widths  for  thin  footings  seeming  to  be  as  great  as  those  for 
much  thicker  ones.  Considering  the  question  from  the  theoretical  stand- 
point, it  is  evident  that  the  ratio  of  the  dimensions  of  the  column  shaft 
to  those  of  the  footing  itself  will  be  the  most  important  factor.  In  the 
tests  under  consideration,  this  ratio  was  one-fifth  (/^) ;  and  the  effective 
width  was  probably  eighty  or  eighty-five  per  cent  of  the  total.  When 
the  ratio  of  the  length  of  the  side  of  the  column  shaft  to  that  of  the 
side  of  the  footing  exceeds  ^,  it  is  quite  certain  that  practically  the 
entire  width  of  the  footing  will  be  effective;  and  if  the  said  ratio  ap- 
proaches zero,  the  effective  width  will  reduce  to,  say,  3^  of  the  total.  In 
view  of  the  above,  the  author  suggests  that  the  value  of  the  effective 
width  b  be  taken  as  that  given  by  the  formula, 

b  =  I  (0.7  +  0.5-y),  but  not  >  I,  [Eq.  160] 

in  which  a  and  I  have  the  meanings  previously  assigned  to  them. 

Equations  159  and  160  enable  the  moment  per  foot  width  to  be  com- 
puted; and  from  this  moment  the  depth  and  the  steel  area  per  foot  width 
can  be  determined.  This  steel  area  per  foot  width  must  be  maintained 
over  the  entire  footing,  not  merely  for  the  width  given  by  Equation  160; 
for  that  equation  was  deduced  on  this  assumption.  Theoretically,  it 
would  appear  to  be  better  to  space  the  steel  more  closely  under  the  column 
shaft,  and  more  widely  near  the  edges;  but  Prof.  Talbot's  tests  indicate 
that  the  uniform  spacing  gives  just  as  good  results,  and,  as  it  is  the  simpler, 
it  should  be  adopted. 

The  stresses  in  rectangular  footings  may  not  follow  exactly  the  same 
laws  as  those  in  square  ones;  but  until  further  experimpntal  data  are 
available,  it  will  be  best  to  use  the  formulae  given  for  square  footings. 

For  unrcinforced  footings,  the  moments  and  the  effective  wdths  should 
be  figured  as  for  the  reinforced  footings. 

Prof.  Talbot  suggests  that  the  diagonal  tension  should  be  calculated 
on  a  section  at  a  distance  d  from  the  face  of  the  column  shaft.  The  con- 
siderations which  determine  the  choice  of  this  section  have  already  been 
treated  in  this  chapter,  under  the  heading  "Shear  and  Diagonal  Tension." 
As  is  there  stated,  the  author  prefers  to  take  the  critical  section  at  a  dis- 

tance  -  from  the  edge  of  the  column  shaft.     For  a  square  base,  the  total 
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shear  on  this  section  is  given  by  the  formula, 

V  =  iv[P  -  (a  +  dy],  [Eq.  161] 

and  the  unit  shear  by  the  expression, 

V  =  .,     ■^,,  .,.  [Eq.  162] 

In  the  case  of  a  rectangular  footing  of  the  outline  shown  in  Fig.  37cc, 
we  have,  for  the  section  distant  -  from  A  —  A, 

F=f^^  +  f+-'')(c.-^),.,  ;Eq.l63] 

The  bond  stress  should  be  computed  on  the  section  through  the  face 
of  the  column,  using  the  same  assumptions  as  were  made  in  figuring  the 
tensile  stress  in  the  steel.  For  a  square  footing,  therefore,  we  have  as 
the  shear  per  unit  width  on  the  section, 

F  =  ^,  [Eq.  165] 

in  which  6  has  the  value  given  by  Equation  160. 
The  unit  bond  stress  is  then  given  by  the  formula, 

n  =  T^,  [Eq.  166] 

where  S  o  represents  the  sum  of  the  perimeters  of  the  bars  in  a  unit  width. 
For  the  rectangular  footing  shown  in  Fig.  37cc,  the  corresponding  for- 
mulae are  self-evident. 

The  Calculation  of  Stresses  in  Wall  Footings 

The  calculation  of  stresses  in  wall  footings  is  quite  simple,  after  the 
positions  of  the  critical  sections  for  bending  moment  and  diagonal  ten- 
sions have  been  determined.  An  extensive  series  of  tests  bearing  on  this 
question  was  reported  in  Bulletin  No.  67  of  the  Engineering  Experiment 
Station  of  the  Universitj^  of  Illinois,  to  which  reference  has  been  made 
in  the  preceding  section  of  this  chapter;  and  from  these  tests  the  loca- 
tions of  the  critical  sections  can  be  readily  determined. 

The  bending  moment  should  be  figured  on  the  section  at  the  face  of 
the  wall.  If  we  let  c  be  the  projection  of  the  wall  and  w  the  difference 
between  the  soil  pressure  and  the  weight  of  the  footing  per  unit  area, 
the  moment  per  unit  length  is  given  ])y  the  formula 

M  =  \&  w.  [Eq.  167] 
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As  explained  in  this  chapter  in  the  section  entitled  "Shear  and  Diag- 
onal Tension,"  the  critical  section  for  diagonal  tension  is  to  be  taken  at  a 
distance  from  the  face  of  the  wall  equal  to  the  depth  of  the  slab.  The 
shear  per  unit  width  on  this  section  is  given  by  the  formula 

V  =  wic-  d).  [Eq.  168] 

The  critical  section  for  pure  shear  is  evidently  at  the  face  of  the  wall. 
The  value  of  the  shear  per  unit  width  at  this  section  can  be  found  by  the 
formula 

V  =  wc  [Eq.  169] 

The  bond  stress  should  also  be  figured  on  the  section  at  the  face  of 
the  wall,  using  the  shear  given  by  Equation. 169. 

Equations  167,  168,  and  169  assume  that  the  soil  pressure  is  constant 
over  the  entire  base.     If  it  varies,  this  fact  must  be  properly  considered. 

The  equations  given  above  evidently  apply  to  plain  footings  as  well 
as  to  reinforced  ones. 

The  Calculation  of  Stresses  in  Arch  Ribs  with  Fixed  Ends 

It  has  been  the  author's  practice  to  use  the  elastic  theory  for  the 
design  of  fixed-ended  reinforced  concrete  arch  ribs.  Convenient  formulae, 
developed  in  accordance  with  the  assumptions  of  this  theory,  are  to  be 
found  in  Part  II  of  "Modern  Framed  Structures,"  page  169  et  seq.,  in 
Turneaure  and  Maurer's  "Principles  of  Reinforced  Concrete  Construc- 
tion," page  335  et  seq.,  and  in  Taylor  and  Thompson's  "Concrete,  Plain 
and  Reinforced,"  page  551  et  seq.,  the  chapter  on  arches  in  the  latter  book 
being  the  work  of  Prof.  F.  P.  McKibben.  The  formulae  given  by  Turn- 
eaure and  Maiu-er  and  by  Taylor  and  Thompson  assume  that  the  rib  is 

ds 
divided  into  such  lengths  d  s  that  the  ratio  -y  will  remain  constant.   While 

this  simplifies  the  formulae,  it  causes  the  lengths  d  s  adjacent  to  the  spring- 
ing to  be  undesirably  long,  unless  the  number  of  divisions  of  the  ring 
be  made  excessively  great.  In  designs  made  in  the  author's  office,  it  has 
been  customary  to  divide  the  horizontal  projection  of  the  arch  rib  into 
parts  of  equal  length — there  being  usually  twenty  such  divisions  in  the 
whole  arch,  or  ten  in  each  half.  The  formulae  given  in  "Modern  Framed 
Structures"  have  been  used,  but  the  summations  have  been  taken  as 
explained  by  Turneaure  and  Maurer  and  by  Taylor  and  Thompson,  in- 
stead of  for  the  full  length  of  the  rib  in  all  cases.  This  change  requires 
the  placing  of  the  coefl&cient  2  before  certain  of  the  terms  of  the  equa- 
tions given  in  "Modern  Framed  Structures,"  as  will  be  noted  by  com- 
paring them  with  Equations  194,  195,  196,  and  212  of  this  chapter. 

Just  before  the  manuscript  of  this  chapter  was  sent  to  the  printer, 
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Part  III  of  Hool's  "Reinforcod  Concrete  Construction"  was  received  by 
the  autlior.  It  gives  a  ver>'  (extensive  treatment  of  arch  analysis  by  the 
ehistic  theory,  presenting  both  the  ordinary  method  of  solution  and  a 
graphical  method  devised  by  A.  C.  Janni,  Esq.,  C.E.,  and  termed  the 
Method  of  the  Ellipse  of  Elasticity.  This  new  method  is  claimed  to 
save  a  considerable  amount  of  time;  but  the  author  has  not  yet  had  an 
opportunit}'  to  check  the  correctness  of  the  said  claim.  The  effect  of 
elastic  piers  is  also  treated,  both  by  the  usual  method  of  solution  and 
by  the  Method  of  the  Ellipse  of  Elasticity. 

The  method  of  laying  out  the  centre  line  of  an  arch  rib  will  first  be 
discussed,  and  then  the  equations  to  be  used  in  its  preliminary  design 
and  in  its  final  design;  after  which  the  application  of  these  principles  to 
the  calculation  of  the  stresses  in  an  arch  will  be  illustrated. 

Determination  of  the  Centre  Line  of  Rib 

The  centre  line  of  an  arch  rib  should,  preferably,  be  so  located  that 
the  maximum  moments  at  the  various  sections  will  be  as  small  as  pos- 
sible, as  this  will  permit  the  use  of  the  minimum  section  of  rib,  and  will 
require  the  least  amount  of  reinforcement.  The  form  to  be  adopted  for 
any  particular  case  will  depend  upon  the  distribution  of  the  loading,  and 
also  upon  the  ratio  of  the  rise  to  the  span  length.  Occasionally  the  out- 
line of  a  rib  may  be  determined  by  special  conditions,  such  as  underclear- 
ance  requirements,  or  a  particular  curve  may  be  used  for  aesthetic  pur- 
poses;  but  a  rib  laid  out  in  this  maimer  is  likely  to  be  uneconomic. 

In  the  folloA\Ting  discussion  moments  will  be  considered  positive  when 
causing  compression  in  the  upper  fibres  of  a  rib,  and  negative  when  caus- 
ing compression  in  the  lower  fibres  thereof. 

For  an  arch  in  which  the  rise  is  high  as  compared  with  the  span  length, 
the  moments  at  various  sections  will  be  mainly  those  produced  by  partial 
live  loads.  Temperature  stresses  will  not  be  large;  and  they  will  have 
no  effect  on  the  section  of  the  rib  required,  since  an  increase  in  unit  stresses 
of  thirty  (30)  per  cent  is  allowed  when  they  are  considered.  The  moments 
from  arch  shortening  will  also  be  small.  For  such  an  arch  it  will  be  best 
to  make  the  centre  line  of  the  rib  follow  the  funicular  polygon  for  dead 
load  plus  one-half  live  load  over  the  entire  span.  When  this  is  done,  the 
moments  at  all  sections  due  to  the  above  loading  will  be  practically  zero, 
if  we  neglect  the  effect  of  arch  shortening.  In  order  to  produce  a  maxi- 
mum positive  moment  at  any  given  section  we  shall  vary  from  this  con- 
dition of  loading  bj^  adding  half  live-load  concentrations  at  certain  load 
points  and  removing  equal  amounts  at  all  the  other  load  points;  while  to 
cause  a  maximum  negative  moment  at  the  same  section  we  shall  remove 
half  live-load  concentrations  at  the  first-mentioned  load  points,  and  add 
equal  loads  at  the  other  load  points.  Evidently,  therefore,  the  maximum 
positive  and  negative  moments  at  any  section  wU  be  practically  equal, 
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which  is  the  most  favorable  condition  possible.  Owing  to  the  effect  of 
arch  shortening,  the  positive  moments  will  exceed  the  negative  a  trifle 
at  the  crown,  and  the  negative  will  be  a  little  greater  than  the  positive 
at  the  springing;  but  it  will  be  found  impossible  to  alter  the  shape  of 
the  centre  line  of  the  rib  so  as  to  reduce  the  maximum  moments  at  one 
of  these  points,  without  at  the  same  time  increasing  that  at  the  other. 
Furthermore,  as  a  point  in  the  haunches,  at  which  the  stresses  due  to 
arch  shortening  are  even  smaller  than  at  the  crown,  will  usually  be  the 
critical  section,  the  obtaining  of  an  exact  balance  of  moments  at  the 
crown  and  springing  is  of  no  importance. 

In  a  flat  arch  the  stresses  from  arch  shortening  and  temperature  are 
very  important.  Arch  shortening  produces  positive  moments  at  the 
crown  and  negative  moments  at  the  springing,  and  a  fall  of  temperature 
produces  the  same  effects.  The  fall  of  temperature  is  generally  assumed 
to  be  about  50  degrees  F.,  and  the  rise,  30  degrees  F.  Since  the  effect 
of  arch  shortening  is  in  most  spans  about  the  same  as  that  of  a  15 
degrees  F.  fall  of  temperature,  the  combination  of  the  two  effects  will  pro- 
duce the  same  stresses  as  a  65  degrees  F.  fall  of  temperature,  or  a  15 
degrees  F.  rise.  This  will  result  in  high  positive  moments  at  the  crown, 
and  high  negative  moments  at  the  springing.  These  effects  can  be 
balanced  to  some  extent  by  laying  out  the  centre  line  of  the  rib  to 
follow  the  funicular  polygon  for  dead  load  only.  Under  these  con- 
ditions, the  dead-load  moments  at  all  sections  will  be  practically 
zero;  -and  since  the  positive  live-load  moments  will  be  a  trifle  greater 
than  the  negative  at  the  crown,  and  considerably  greater  at  the  springing, 
the  positive  dead-plus-live-load  moments  at  these  sections  will  be  greater 
than  the  negative,  rather  than  equal  to  them  as  in  the  case  of  the  rib 
laid  out  for  dead-plus-half-live  loads.  This  increase  in  positive  moment 
at  the  crown  is  not  desirable,  but  its  amount  is  small,  and  the  effect  thereof 
is  of  little  importance.  The  decrease  in  the  negative  moment  at  the 
springing  is  an  advantage,  as  it  will  usually  permit  a  reduction  in  the 
section  at  that  point. 

There  is  a  further  point  in  favor  of  laying  out  the  centre  line  of  the 
rib  for  the  dead  load  only,  rather  than  for  the  dead  load  plus  half  of  the 
live  load,  in  that  it  ensures  that  the  line  of  pressure  will  be  closer  to  the 
centre  line  of  the  rib  under  the  condition  of  loading  generally  prevailing. 

The  ratio  of  rise  to  span  length  at  which  it  is  immaterial  whether 
the  centre  line  be  laid  out  for  dead  load  only,  or  for  dead  load  j^lus  half 
live  load,  depends  to  some  extent  upon  the  loading  and  the  form  of  the 
arch  rib.  For  comparatively  thick  ribs  the  critical  value  will  be  larger 
than  for  thinner  ones;  while  for  great  live-load  moments  the  said  critical 
value  will  be  less  than  for  smaller  live-load  moments.  Ordinarily  it  may 
be  expected  to  be  from  one-fifth  {)i)  to  one-sixth  (%).  For  a  consid- 
erable range  of  values,  it  will  make  l)ut  little  difference  which  of  the  meth- 
ods is  employed.     For  any  particular  case  the  question  can  be  settled  by 
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moans  of  the  equations  giv(M\  later  for  the  approximate  design  of  arch  ribs. 
The  usual  method  of  laying  out  the  centre  line  of  an  arch  rib  is  to 
determine  graphically  the  funicular  polygon  for  the  assumed  condition 
of  loading,  and  then  locate  the  centre  line  to  follow  it  as  closelj'-  as  possible. 
A  method  which  has  been  used  in  the  author's  office  for  several  years 
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Fig.  Zldd.    Sketch  of  Arch  Rib  and  Loading. 


is  believed  to  be  preferable,  and  is  accordingly  given  below.  It  was  de- 
rived by  E.  A.  Slettum,  Esq.,  C.E.,  and  C.  W.  Yelm,  Esq.,  C.E.,  while 
they  were  in  the  employ  of  the  author's  firm.  A  brief  description  of  this 
method  is  to  be  found  in  the  before-mentioned  paper  by  E.  E.  Howard, 
Mem.  A.  S.  C.  E.,  entitled  "The  Twelfth  Street  Trafficway  Viaduct, 
Kansas  City,  Mo."  and  prmted  in  the  Proc.  A.  S.  C.  E.  for  May,  1915. 
Similar  methods  have  been  used  by  several  other  writers. 

Suppose  the  centre  line  of  the  arch  rib  shown  in  Fig.  37<id  to  coincide 
with  the  funicular  polygon  for  the  varying  load  represented  by  the  shaded 
area  at  the  top  of  the  figure,  the  curved  line  at  the  bottom  of  this  area 
being  a  parabola  with  its  vertex  at  the  centre  of  the  span.  Let  Po  be 
the  load  per  lineal  unit  at  the  crown,  and  Ps  that  at  the  springing.  The 
thrust  Ho  at  the  crown  of  the  arch  can  be  found  by  taking  moments 
about  the  springing,  and  is  evidently 


H. 


1  fl 


l^  +  ^iVs 


Vo)l'~\  =|^(?>«  +  5pJ.        [Eq.  170] 


866 


BRIDGE   ENGINEERING 


Chapter  XXXVIl 


Now  the  slope  of  the  arch  rib,  —  or  tan  a,  at  any  point  distant  x  from 

the  crown  must  be  equal  to  the  load  on  the  rib  between  the  said  point 
and  the  crown  divided  b}^  Ho,  so  that  we  may  write 


dy 
dx 


=  tan  a  = 


1  4  a:2 

VoX  +  —  {Vs  -  Vo)  -y-  X 


48  r 


(.Ps  +  5  Po) 


[Eq.  171] 


On  dividing  both  numerator  and  denominator  of  the  right-hand  member 

P 
of  this  equation  through  by  Po,  and  letting  ^  =  u,  we  have 

Po 


dy 
dx 


=  tan  a 


4  a^ 

x-\--(u-l)j 

Wr  ("  +  5' 


4  r 


P  iu+5) 


12a;+16(w-l) 


[Eq.  172] 


Integrating  this  latter  expression,  we  get 


^m 


[Eq.  173] 


This  last  formula  is  the  desired  equation  for  the  centre  line  of  the  rib. 

The  assumption  made  above,  that  the  load  on  the  rib  will  vary  with 
the  ordinates  of  a  parabola,  has  been  checked  against  several  arches,  and 
has  been  found  to  be  very  reliable.  It  applies  for  both  open-spandrel 
and  solid-spandrel  arches. 

It  is  necessary  to  divide  the  arch  rib  into  a  number  of  sections  in  order 

to  apply  approximate  methods  of  integration,  and  for  this  purpose  the 

dv 
above  equations  for  y  and  —  can  be  put  into  more  convenient  forms. 

Suppose  the  horizontal  projection  of  one-half  of  the  rib  to  be  divided 
into  Ns  equal  parts,  and  let  the  crown  be  numbered  0,  and  the  other 
points  of  division,  1,  2,  3,  etc.,  the  number  of  the  springing  point  being 
A^g.      Let  A''  represent  the  number  of  any  point.      Then  since  x  for  any 

.    N         I      ,  .        r  1  dy  . 

pomt  equals  tf  X  — ,  the  equations  tor  y  and  —  become 


y  = 


w  +  5 


L^Y^  +  (^^  - 1) 


iV4 


N. 


]. 


and 


dx  l{u-i-  5) 


[ 


24  7V 


+  (ti 


^>m 


[Eq.  174] 


[Eq.  175] 


It  will  usually  be  convenient  to  let  M^  equal  twenty  (20),  in  which 
case  these  equations  take  the  fomL" 
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r     rSyV-       (u-1)    N*~\  rr.     .«  , 

-'' i  = '- "  =  i(^^  Lio  +  (" - ') (wJ-   '^i-  ^"" 

It  will  be  noted  that  the  method  outlined  takes  care  of  vertical  loads 
only.  In  a  spandrel-filled  arch  of  considerable  rise,  the  horizontal  pres- 
sure of  the  filling  must  also  be  considered.  This  will  require  the  rib  to 
be  curved  more  sharply  near  the  ends,  which  result  can  be  obtained  by 
increasing  the  value  of  u.  If  the  horizontal  forces  are  of  importance,  it 
will  be  best  to  determine  the  position  of  the  centre  line  of  the  rib  graphically. 

For  flat  arches  the  curve  represented  by  Equation  173  is  often  prac- 
tically a  segment  of  a  circle.  For  such  arches  it  will  be  well  to  test  this 
relationship;  and  if  the  agreement  is  close  the  circular  curve  should  be 
used,  as  the  work  of  laying  out  the  rib  will  be  simplified  thereby. 

The  ellipse  is  frequently  employed  as  the  curve  of  the  intrados  of  an 
arch  rib,  especially  in  the  case  of  spandrel-filled  arches.  This  curve  is 
not  suitable  for  the  centre  line  of  a  rib,  as  it  is  too  highly  inclined  at  the 
springing.  However,  by  thickening  the  rib  considerably  just  at  the 
springing  the  mtrados  can  be  made  an  ellipse  without  the  centre  line 
itself  deviating  unduly  from  the  proper  curve.  It  will  still  probably 
have  too  sharp  a  curvature  at  the  ends,  so  that  the  positive  moments 
at  the  springing  from  dead  and  live  loads  will  be  much  larger  than  the 
negative.  The  positive  moments  at  the  crown  will  be  a  trifle  greater 
than  the  negative,  and  the  negative  a  little  greater  than  the  positive  in 
the  haunches.  The  excess  of  positive  moment  at  the  springing  will  be 
partly  offset  by  the  negative  moments  from  arch  shortening  and  fall 
of  temperature.  These  latter  effects  will,  however,  produce  positive  mo- 
ments at  the  crown,  and  the  thickness  at  that  point  may  have  to  be  in- 
creased a  trifle  for  this  reason.  The  large  increase  of  thickness  required 
at  the  springing  will  not  affect  the  appearance  of  a  spandrel-filled  arch,  as 
it  need  not  show  on  the  outer  surface. 

Occasionally  it  is  necessary  to  place  one  springing  of  an  arch  at  a 
higher  elevation  than  the  other.  This  results  in  an  unsymmetrical  rib. 
If  the  difference  is  small,  the  rib  can  be  designed  as  though  it  were  sym- 
metrical, with  the  springings  located  at  an  elevation  which  is  the  average 
of  the  ones  used  for  the  two  actual  springings.  In  laying  out  the  rib, 
the  x's  of  the  various  points  are  then  to  be  measured  horizontally  and 
the  y's  are  to  be  measured  vertically  downward  from  a  line  drawn 
through  the  crown  parallel  to  the  line  joining  the  actual  springings. 

Equation  for  Thickness  of  Rib 

It  is  desirable  to  have  an  equation  for  the  thickness  of  the  rib  at  any 
point  in  terms  of  the  thickness  at  the  crown  and  springing.     This  ex- 
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pression  must  bo  of  such  foi-m  that  the  thickness  will  increase  gradually 
from  the  cro\vn  to  the  springing.     A  formula  which  can  be  used  is 


1^ 


A  =  /io  +  ^  ^^^-^  sec  a.  [Eq.  178]      J 

f     sec  jS  I    n        J      , 

I  N 
Introducing  the  quantity  r-rr-  instead  of  x  as  before,  we  have 

h  =  ho  +  ~  ^^^  sec  a.  [Eq.  179] 

When  Ng  =  20,  this  equation  becomes 

'^  "^  20     sec^    ^^^ ""'  ^^'        ^ 

Equations  178,  179,  and  180  are  not  adapted  to  flat  arch  ribs,  as  they 
give  a  greater  thickness  than  is  required  in  the  haunches,  thus  wasting 
concrete  and  increasing  unnecessarily  the  temperature  stresses  and  arch- 
shortening  stresses  at  the  crown  and  springing.     For  such  ribs  it  will  be 

,  1  ,  •     sec  a  ,  ...  , 

best  to  replace  the  ratio  - — -  m  these  equations  by  its  square  or  cube, 

or  even  a  considerably  higher  power  for  very  flat  arches.  Such  a  value 
should  be  chosen  that  the  increase  of  thickness  at  the  quarter-point  of 
the  span  over  that  at  the  crown  will  be  somewhat  less  than  34  {hg  —  hg). 
For  a  rib  with  an  elliptical  intrados,  it  is  possible  that  none  of  the 
equations  suggested  above  will  serve,  owing  to  the  rapid  increase  in  thick- 
ness required  near  the  springing.  For  such  a  rib  it  will  be  best  to  use 
the  form  suggested  in  the  preceding  paragraph  from  the  crown  to  a  point 
near  the  springing,  and  then  determine  the  thicknesses  for  the  remainder 
by  laying  the  rib  out  to  scale. 

Approximate  Methods  of  Calculation 

It  is  important  to  be  able  to  compute  quickly  approximate  values  of 
the  stresses  at  the  critical  sections  of  an  arch  rib,  both  for  the  purpose 
of  making  estimates  and  in  order  to  select  the  sections  of  a  rib  to  be 
used  in  a  final  design.  Figs.  37ee,  37//,  and  Z7gg,  and  Equations  181 
to  193,  inclusive,  will  give  results  which  are  sufficiently  accurate  for  these 
purposes.  They  were  worked  out  from  the  actual  designs  of  a  number 
of  arches.  They  apply  directly  to  ribs  laid  out  in  the  manner  before 
explained,  in  which  the  thickness  varies  in  accordance  ^vith  Equation 
178;  and  with  a  few  modifications  they  will  also  serve  for  certain  other 
forms,  as  will  be  explained  later.  They  probably  give  results  sufficiently 
accurate  for  final  designs,  since  the  stresses  involved  are  indeterminate; 
but  the  author  cannot  guarantee  this  until  they  have  been  checked 
against  a  greater  number  of  ribs. 
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The  thrust  at  tlu>  crown  of  (he  urt-li,  when  it  is  loaded  with  the  load- 
ing for  wdiich  its  centre  hue  was  laid  out,  is  given  by  Equation  170.  Put- 
ting Pa  =  upo  in  this  equation,  it  becomes 

i/o  =  ^  (^^  +  5).  [Eq.  181] 

The  thrust  at  any  other  point  of  the  rib,  due  to  this  same  loading,  is 

T  =  Ho  sec  a;  [Eq.  182] 

and  at  the  springing  it  has  the  value, 

Ts  =  Ho  sec  /3.  [Eq.  183] 

The  moment  at  any  pouit  of  the  rib,  due  to  the  loading  for  which  it 
was  laid  out,  is  theoretically  zero  (neglecting  for  the  present  the  effect 
of  arch  shortening).  However,  the  said  loading  will  usually  not  vary  ex- 
actly as  the  ordinates  of  a  parabola,  and,  therefore,  there  will  be  small 
moments  at  various  sections;  and  if  a  portion  of  the  load  is  concentrated 
at  certain  points,  as  in  an  open-spandrel  arch,  positive  moments  will 
occur  at  the  load  points  and  negative  moments  at  the  points  midway 
betw^een.  An  examination  of  the  results  for  several  arches  indicates  that 
the  positive  moment  at  or  near  any  load  concentration  can  be  taken 
as  equal  to 

«  =  +  ^'  ^^-  i«*J 

and  that  the  moments  at  other  points  can  be  assumed  to  be 

The  positive  and  negative  live  load  moments  (exclusive  of  the  effect  of 
arch  shortening)  at  the  crown,  springing,  and  various  intermediate  points 
can  be  determined  by  the  formula 

M  =  CmPl',  [Eq.  186] 

in  which  p  is  the  total  live-load  per  lineal  foot,  and  Cm  is  a  coefficient 
the  value  of  which  can  be  taken  from  the  curves  of  Fig.  37ee.  It  will  be 
noted  that  the  value  of  Cm  depends  upon  the  ratio  of  the  moment  of 
inertia,  at  the  springing  to  that  at  the  crown. 

When  the  centre  fine  of  the  rib  is  laid  out  for  dead  load  only,  the 
maximum  moment  at  any  section  due  to  dead  and  live  loads  only  will 
be  the  sum  of  the  live-load  moment  as  determined  by  Equation  186  and 
that  given  by  Equation  184  or  Equation  185.  The  hve-load  thrust  at 
the  crown  can  be  considered  to  be  that  due  to  half  live  load  over  the 
entire  span,  and  its  value  can  be  taken  as 

£^       P  X  -X  -  =  —  [Eq.  187] 

""      2       8       r      16r  ^   ^ 
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The  live-load  thrusts  at  other  points  can  be  figured  with  sufficient  ac- 
curacy by  the  use  of  Equations  182  and  183. 

When  an  arch  rib  is  laid  out  for  dead  load  plus  one-half  Uve  load, 
the  moment  at  any  section  under  this  loading  is  given  by  Equation  184 
or  Equation  185  (neglecting,  as  before,  the  effect  of  arch  shortening). 
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Fig.  37ee.     Values  of  Live-Load  Moment  Coefficient  C„ 


The  maximum  moment  at  the  same  point  due  to  combined  dead  and 
live  loads  can  be  found  by  adding  to  this  value  the  average  of  the  positive 
and  negative  live-load  moments  at  the  section,  as  determined  by  Equa- 
tion 186  and  Fig.  37ee.  This  added  moment  may  be  either  positive  or 
negative.     The  thrust  at  the  crown  is  given  by  Equation  181;   and  the 
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Va/ues  ofJi. 

Position  of  Point  of  Contraflexure  for  Arch  Shortening  and  Temperature 
Stresses. 


thrusts  at  other  sections  can  be  figured  hy  means  of  Equations  182  and  183. 

The  position  of  the  plane  of  contraflexure  for  arch   shortening  and 

temperature  stresses  can  be  found  by  means  of  Fig.  37^,  which  gives 

the  ratio  of  the  distance  xjo  that  the  said  plane  lies  below  the  crown  to 
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the  rise  r.     As  will  bo  notcHl,  tlu;  value  of—  depends  upon  tlie  ratio  of 

the  nu)iueut.  of  inertia  at.  tlie  springing  to  that  at  the  crown,  and  also 
on  the  ratio  of  the  rise  r  to  the  span  length  I. 

The  thrust  at  the  crown  due  to  arch  shortening  can  be  figured  by 
the  formula, 

//«  =  -  (lO  +  3  ^)  vf^"-^  =  -  (l  +  ^-^t)  -^^-        [Eq.  188] 
V  //r'.4oSec/3  \  lo^Vsec^ 

The  last  member  of  this  equation  is  written  on  the  assumption  that  Ig 

A  hi 
equals     °   °,  which  is  about  true  for  ordinary  percentages  of  reinforce- 
ment, as  can  be  seen  by  referring  to  Fig.  37^, 

The  moment  at  the  crow^l  from  arch  shortening  is 

Ma=  -HaVo.  [Eq.  189] 
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Va/ues  of^ 
Fig.  ^7gg.     Values  of  Temperature  Stress  Coefficient  C<. 


Ma  is  always  positive,  since  Ha  is  always  negative.     The  moment    at 
any  other  point  is  equal  to 

M  =  Ha(y-yo);  [Eq.  190] 


and  at  the  springing  it  has  the  value, 

Ms  =  Hair  -  Vo). 


[Eq.  191] 


The  moment  at  the  springing  is  always  negative.     The  thrust  T  at  any 
section  due  to  arch  shortening  is  given  by  the  formula 


T  =  Ha  cos  a. 


[Eq.  192] 


It  is  always  negative. 
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The  thrust  at  the  crown  due  to  a  change  of  temperature  is  given  by 
the  formula, 

H,  =  C,"^^^,  [Eq.  193] 


the  values  of  the  coefficient  Ct  being  taken  from  the  curves  of  Fig.  S7gg. 

Is  r 

Its  value  depends  on  those  of  the  ratios  y  ^^id  y.     The  quantity  t  carries 

its  own  sign,  it  being  positive  when  the  temperature  rises  and  negative 
when  it  falls.  The  moments  at  various  points  are  to  be  figured  by  means 
of  Equations  189,  190,  and  191,  replacing  Ma  and  Ha  by  Mt  and  Hf 
For  a  rise  of  temperature  the  moment  at  the  crown  is  negative,  and  that 
at  the  springing  positive;  while  for  a  fall  of  temperature  the  signs  are 
reversed.  The  thrust  at  any  section  is  to  be  calculated  by  means  of 
Equation  192,  replacing  Ha  by  Hf  It  is  positive  when  the  temperature 
rises,  and  negative  when  it  falls. 

For  a  fiat  arch  in  which  the  centre  line  of  the  rib  is  laid  out  as  already 
explained,  but  in  which  the  thickness  does  not  vary  in  accordance  with 
Equation  178,  the  above  formulae  can  be  appHed  as  follows:  Figure  the 
moment  of  inertia  at  the  quarter  point,  and  then  compute  its  value  at 
the  same  point  as  though  the  thickness  varied  in  accordance  with  Equa- 
tion 178.  Call  the  percentage  that  the  first  of  these  values  falls  below 
the  second  one  x.  Then  the  change  in  the  thickness  of  the  rib  will  cause 
a  reduction  in  the  arch  shortening  thrust  of  0.4a;  per  cent,  a  reduction 
in  the  thrust  from  temperature  changes  of  0.6a:  per  cent,  and  an  increase 

in  the  live-load  moments  at  the  crown  and  at  points  within  —  thereof  of 

0.2a:  per  cent.  The  live-load  moments  at  other  sections  will  be  but  slightly 
affected,  as  will  also  the  position  of  the  plane  of  contraflexure  for  arch 
shortening  and  temperature  thrusts. 

For  an  elliptical  rib  the  positive  moment  at  the  crown  will  be  a  trifle 
greater  than  the  value  given  by  Fig.  37ee;  the  negative  moment  in  the 
haunches  will  also  be  a  trifle  greater;  and  the  positive  moment  at  the 
springing  will  be  considerably  greater.  The  amounts  of  these  changes 
can  be  found  by  laying  off  the  centre  line  of  the  rib  to  scale,  and  then 
drawing  in  a  funicular  polygon  for  dead  load  plus  half  live  load  over  the 
entire  span  which  will  pass  just  above  the  centre  line  at  the  crown,  and 
just  below  it  in  the  haunches.  The  moments  due  to  the  deviation  of  this 
funicular  polygon  from  the  centre  line  of  the  rib  should  then  be  com- 
puted, and  added  to  the  values  fomid  as  previously  explained  for  an  arch 
laid  out  for  dead  load  plus  half  of  live  and  impact  loads. 

The  formulae  and  diagrams  just  given  can  be  applied  to  an  actual 
rib  in  the  following  manner,  after  the  loads  which  come  upon  the  rib 
and  its  rise  and  span  have  been  determined: 


I 
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1.  Assume    values  of  ho,  hg,  and  sec  /3,  and  calculate  Po,  Ps,  and  u, 

preferably  for  dead  load  plus  one-half  live  load.     The  equivalent 

uniform  live  load  should  be  taken  for  a  loaded  length  of  — . 

I  r 

2.  Compute  /<,,  Is,  j;  and  -r,  and  substitute  the  values  of  r,  Z,  and  u 

into  Equations  172  and  173. 

3.  Figure  the  dead-  and  live-load  stresses  at  the  crown  and  springing 

(and  at  one  or  more  points  in  the  haunches  for  arches  of  high 
rise)  by  means  of  Equations  181  to  187,  inclusive,  and  Fig.  37ec. 

4.  Compute  the  stresses  from  arch  shortening  at  the  same  sections  by 

means  of  Equations  188  to  192,  inclusive,  and  Fig.  37^ 

5.  Compute  the  stresses  from  temperature  changes  at  the  same  sec- 

tions by  means  of  Equations  193,  189,  190,  191,  and  192,  and 
Figs.  37ff  and  37gg. 

6.  Test  the  various  sections  for  the  calculated  stresses,  and  revise  the 

assumed  values  as  required. 

7.  Recalculate  the  stresses  at  the  various  sections  if  the  loads  and 

the  ratio  y  assumed  at  first  were  too  much  in  error,  and  refigure 

^  o 

the  sections. 

It  is  suggested  above  that  the  value  of  ^l  be  computed  for  dead  load 
plus  one-half  live  load,  because  that  is  the  condition  which  will  be  used, 
unless  some  other  condition  is  found  to  permit  the  adoption  of  smaller 
sections  for  the  rib.  The  error  involved  will  never  be  large,  and  will 
always  be  on  the  side  of  safety. 

The  value  of  Ps  should  not  be  computed  for  the  actual  loads  at  the 
springing  section,  since  there  will  probably  be  very  heavy  details  at  that 
point  for  aesthetic  reasons;  but  it  should  be  figured  on  the  assumption  that 
the  construction  used  over  the  arch  itself  is  employed  at  this  point  also. 

The  value  of  sec  13  for  a  parabolic  rib  is  -^1  +  (-^j  .     For  ordinary 

ribs,  it  will  be  a  few  per  cent  greater  than  this,  the  exact  expression  being 

-vi  I  -{-  ( 8  y  X       ,    - ]  .     The  value  of  sec  a  at  the  quarter  point  of  a 

parabolic  rib  is -J  1  -j-  (—j  ;    and  for  ordinary  ribs  it  is  about  one  per 

cent  less. 

To  illustrate  the  procedure  just  outlined,  suppose  that  we  wish  to 
make  an  approximate  design  for  the  arch  ribs  of  a  two-ribbed,  open-span- 
drel arch  of  93.3  feet  span  and  18.5  feet  rise,  which  carries  a  roadway 
28'  wide,  the  five  load  being  Class  A.  The  loads  from  the  floor,  etc., 
are  supposed  to  have  been  figured  previously.     We  proceed  as  follows: 

r   _  18.5 

I    ~  93.3  "  "•^- 
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Sec  jS  =  1.3  sa}'  (  =  1.28  for  a  parabolic  rib). 

Assume  each  rib  to  be  4'  4"  wide  throughout,  2'  0"  thick  at  the  crown 
and  3'  8"  thick  at  the  springing.  The  thickness  ^^dll  be  assumed  to  vary 
in  accordance  with  Equation  178,  its  value  at  any  point  being  given  by 
the  expression, 

cc  spo  ex 

h  =  24: -h  20 -—z  X  —nr  =  24"  +  0.33  x  sec  a. 
46.7  1.3 

The  values  of  Po  and  pg  for  dead  load  plus  half  of  live  and  impact 
loads  are  then  figured  as  follows: 

Po  —  for  one  rib. 

D.  L.  Floor,  paving,  spandrel  cols.,  etc 3380  lbs.  per  lin.  ft. 

Arch  rib,  2'  0"  X  4'  4"  X  150  lbs.  1300    " 

L.  L.  CI. A.,  47'  span 113  lbs.  per  sq.  ft. 

Imp  -  n  =  2   34% _38  lbs.  per  sq.  ft. 

I  (L.  L.  +  I.  L.) 151  X  14  X  I  1060   '' 

Total 5740  lbs.  per  lin.  ft. 

Pa  —  for  one  rib. 

D.  L.  Floor,  paving,  spandrel  cols.,  etc 4410  lbs.  per  lin.  ft. 

Arch  rib  3'  8"  X  4'  4"  X  150  X  1.3..  .  .   3100  " 

i  (L.  L.  +  I.  L.)  -  as  for  Po 1060  " 

Total 8570  lbs.  per  lin.  ft. 

8570       ^  ^^ 
••^  =  5^0=  ^•^^- 

Assume  reinforcement  as  0.5  per  cent  in  each  face  throughout,  located 
at  a  distance  of  —  from  the  surface. 

.'.  lo  =  0.106  X  4.33  X  2  X  2  X  2  =3.7     (Fig.  370, 

Is  =  0.106  X  4.33  X  3.67  X  3.67  X  3.67  =  22.7     (Fig.  370, 

and  Y  =227  -^  3.7  =    6.1 

Stresses  from  dead  load  plus  one-half  live  load. 
Crown. 

IIo  -  ^If^.Tf'  X  6.49  =        +  365,000  lbs. 
48  X  18.5 

M„  =  5^*y|P-^  =       +    33,000  ft.  lbs. 

Haunch — say  at  a  spandrel  column  located  at  a  distance  of  —  from 
the  crown. 
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T  =  say 

+  370,000  ft.  lbs. 

M  = 

+    33,000  ft.  lbs. 

Springing. 

T«  =  365,000  X  1.3  = 

+    475,000  lbs. 

^  5740  X  93.32 
3000 

±     17,000  ft.  lbs. 

Live-Load  Moments. 

Crown. 

M„  =  ±  0.0043  X  2120  X  93.32  = 

±    79,000  ft.  lbs. 

Haunch. 

M  =  ±  0.007    X  2120  X  93.3^  = 

±  129,000  ft.  lbs. 

Springing. 

M^  =  ±  0.0226  X  2120  X  93.3^  = 

±  417,000  ft.  lbs. 

Stresses  from  arch  shortening. 
Crown. 

H^=  {1+  0.3  X  6.1)  ig5Tx°i3     =  ~  O-026/^o  =  -9500  lbs. 

yo  =  0.21  X  18.5'  =  3.9' 
Ma  =  9500  X  3.9'  =  =  +    37,000  ft.  lbs. 

Haunch. 

T  =  say  -       9000  lbs. 

M  =  9500(3.9  -  0.7)  =  +    30,000  ft.  lbs. 

Springing. 

Ts=  -  9500  -^  1.3  =  -       7000  lbs. 

Ms  =  9500(3.9  -  18.5)  =  -  139,000  ft.  lbs. 

Stresses  from  temperature  changes. 
Crown. 


Ht=  -  31  X 


50°  Fall  30°  Rise 

0.000006  X  50  X  288,000,000  X  3 .7 


I8.52 

-    29,000  lbs.  +  17,400  lbs. 

Mt  =  29,000  X  3.9    =           +  114,000  ft.  lbs  -  68,000  ft.  lbs. 
Haunch. 

T  =  say                                -    29,000  lbs.  +    17,000  lbs. 

M  =  29,000  X  3.2    =           +    93,000  ft.  lbs.  -  56,000  ft.  lbs. 
Springing. 

T3  =  29,000  -f-  1.3    =           -    21,000  lbs.  +  13,000  lbs. 

Mg  =  29,000  X  14.6  =          -  424,000  ft.  lbs.  +  250,000  ft.  \ht 
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The  three  sections  are  now  tested  as  follows: 

Section  at  Crown.  Temp,  not  Temp. 

Considered  Considered 

Thrust. 

Dead  +  half  live +  365,000  lbs.  +  365,000  lbs. 

Arch  shortening -      9,000    "  -      9,000    " 

Temperature  -  50°  fall -    29,000    " 

Total +  356,000  lbs.  +  327,000  lbs. 

Moment. 

Dead  +  half  live +    33,000  ft.-lbs.     +    33,000  ft.-lbs. 

Live  load  -  positive +    79,000      "  +    79,000     " 

Arch  shortening +    37,000      "  +    37,000      " 

Temperature  -  50°  fall +  114,000      " 


Total +  149,000  ft.-lbs.  +  263,000  ft.-lbs. 

or    1,790,000  in.-lbs.  3,160,000  in.-lbs. 

e  =  Mom.  H-  thrust                             5"  9.7" 

Dunensions  hXb     24"  X  52"  =  1248  sq.  in.  1248  sq.  in. 

^ I      =-       il    =- 

1,790,000  ^  3,160,000       _ 

^/•'''•••-  52X24^X600  52X24^X780 

i^^y 1 

p  per  face  (Fig.  37g)  0.57% 

This  is  satisfactory. 

Section  in  haunch — I/IO  from  crown. 

Thrust. 

Dead  +  half  live +  370,000  lbs. 

Arch  shortening -      9,000   " 

Temperature — 50°  fall 


Total -\-  361,000  lbs. 

Moment. 

Dead  +  half  live +    33,000  ft.-lbs. 

Live  load— positive +  129,000      " 

Arch  shortening -|-    30,000      " 

Temperature — 50°  fall 


Total -I-  192,000  ft.-lbs. 

=    2,300,000  in.-lbs. 
6.4" 


-\-  370,000  lbs. 

-  9,000  " 

-  29,000  " 

+  332,000  lbs. 

+  33,000  ft.-lbs. 
+  129,000   " 
-f  30,000   " 
-1-  93,000  " 

+  285,000  ft.-lbs. 

3,420,000  in.-lbs. 

10.3" 
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Temp,  not  Temp. 

Considered  Considered 

Dimensions  hXb,  27"  X  52"  =  1404  sq.  in.  1404  sq.  in. 

- 4.2  2.7 

e 

d'       2  5 

1=27 =°»''  "■"» 

24 

p  per  face,  0.57  X^^ =  0.51%  0.51% 

R/fc  (Fig.  S7q) 0.120  0.131 

Jc 510  690 

Hence  section  as  assumed  is  all  right. 

Section  at  springing. 
Thrust. 

Dead  +  half  live +  475,000  lbs.  +  475,000  lbs. 

Arch  shortening -      7,000   "  -      7,000   " 

Temperature— 50°  fall -    22,000   " 


Total +  468,000  lbs. 

Moment. 

Dead  +  half  live -    17,000  ft.-lbs. 

Live  load — negative -  417,000      " 

Arch  shortening -139,000      " 

Temperature — 50°  fall 


+  446,000  lbs. 

-  17,000  ft.-lbs 

-  417,000  " 

-  139,000  " 

-  424,000  " 


Total -  573,000  ft.-lbs.  -  997,000  ft.-lbs. 

6,860,000  in.-lbs.  11,960,000  in.-lbs. 

e 14.7"  26.8" 

Dunensions  h  X  h,  44"  X  52"  =  2290  sq.  in.  2290  sq.  in. 

h 

- 3.0  1.64 

6,860,000  11,960,000 

^^^' 52  X  442  X  600  "  "•^^'^  52  X  442  X  780  "  ^'^^"^ 

d'       2.5 

^  =  44 =0.06  0.06 

p  per  face  (Fig.  37$)  0.6% 

Hence  section  as  assumed  is  all  right. 

Comparing  the  figures  given  above  for  the  various  sections,  it  is  evi- 
dent that  the  section  at  the  point  in  the  haunch  is  unnecessarily  thick 
as  compared  with  those  at  the  crown  and  the  springing.  This  was  to 
have  been  expected,  as  Equation  178  is  not  suitable  for  so  flat  a  rib.  The 
thickness  at  the  quarter  point,  taking  the  value  of  sec  a  a  little  less  than 
V  1  +  (2  X  0.2)2,  or  1  07,  is 

h  =  24"  -\-  0.33  X  23.3  X  1.07  =  24"  +  8.2"  =  32.2". 
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The  increase  over  that  of  the  crown  has  thus  been  8.2",  while  properly  it 

should  have  been  less  than  — — ,  or  5".     If  the  ratio had  been  re- 

sec  /3  J  Q^ 

placed  by  its  square,  the  increase  would  evidently  have  been  8.2"  X  -j-^  = 

8.2"  X  0.82  =  6.7";  if  by  the  cube,  8.2"  X  0.82^  =  5.5";  and  if  by  the 
fourth  power,  8.2  X  0.82^  =  4,5".  Probably  the  last  value  would  be  the 
best.     Adopting  this,  we  get  for  the  thickness  at  any  point, 

h  =  24"  +  20  ^J^Y^y  ^  ^^"  +  ^'^^  ^  ^^""^ ""' 

The  thickness  at  the  quarter  point  now  becomes  24"  +  4.5"  =  28.5", 
rather  than  32.2".     The  ratio  of  the  new  moment  of  inertia  to  the  former 

r^ ) ,  or  about  0.7.     The  moment  of  inertia  at  the 

quarter  point  has  thus  been  reduced  thirty  (30)  per  cent.  This  will 
result  in  a  reduction  in  the  temperature  stresses  of  0.6  X  30  =  18%,  and 
in  the  arch  shortening  stresses  of  0.4  X  30  =  12%;  and  it  will  increase 
the  live  load  moments  near  the  crown  by  0.2  X  30  =  6%.  The  three 
sections  will  now  be  retested  as  follows,  omitting  the  figures  in  which  the 
action  of  temperature  is  not  considered,  as  they  are  evidently  unnecessary. 

Section  at  crown. 

Thrust. 

Dead  +  half  hve— as  before +  365,000  lbs. 

Arch  shortening,-  9,000  X  0.88 -      8,000  " 

Temperature— 50°  fall,-  29,000  X  0.82 -    24,000  " 

Total +  333,000  lbs. 

Moment. 

Dead  +  half  live— as  before +  33,000  ft.-lbs. 

Live  load— positive,  +  79,000  X  1.06 +  84,000    " 

Arch  shortening,  +  37,000  X  0.88 +  33,000   " 

Temperature— 50°  fall,+  114,000  X  0.82 +  94,000   " 

Total +  244,000  ft.-lbs. 

or  +  2,930,000  in.-lbs. 

e 8.8" 

Dimensions— /i  X  6 24"  X  52"  =  1248  sq.  in. 

h/e 2.7 

„  .  2,930,000 

R/t  =  — ^ 0.125 

^•^       52  X  24-'  X  780 


I 
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d'        2.5 

k=Y4 ^-^ 

p  per  face  (Fig.  37?) 0.45% 

Section  in  haunch — 1/ 10  fro7n  crown. 
Thrust. 

Dead  +  half  Uve — as  before +  370,000  lbs. 

Arch  shortening,  say —      8,000   " 

Temperature— 50°  fall,  say -    24,000   " 

Total +  338,000  lbs. 

Moment. 

Dead  +  half  live — as  before +    33,000  ft.-lbs. 

Live  load— positive,  +  129,000  X  1.06 +  137,000      " 

Arch  shortening,  30,000  X  0.88 +    26,000      " 

Temperature— 50°  fall,  93,000  X  0.82 +    76,000      '* 

Total +  272,000  ft.-lbs. 

or  +  3,260,000  in.-lbs. 

e 9.6" 

Dimensions  h  Xb 25.4  X  52  =  1320  sq.  in. 

h/e  = 2.7 

d'        2.5 

ir  =  2Ti o-i 

24 

p  per  face,  0.45  X  — - 0.42% 

25.4 

R/fAFig.S7q) 0.124 

3,260,000 

f  = •  780 

•'*       52X25.42X0.124 

Section  at  Springing. 
Thrust. 

Dead  +  half  Uve — as  before +  475,000  lbs. 

Arch  shortening,  -7,000  X  0.88 -      6,000    " 

Temperature— 50°  fall,  -22,000  X  0.82 -     18,000    " 

Total +  451,000  lbs. 

Moment. 

Dead  +  half  live— as  before -    17,000  ft.-lbs. 

Live  load — negative — as  before —  417,000     " 

Arch  shortening,  -139,000  X  0.88 -  122,000     " 

Temperatur^-50°  fall,  -424,000  X  0.82 -  348,000     " 

Total -  904,000  ft.-lbs. 

or  -  10,850,000  in.-lbs. 

e 24.1" 
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Dimensions  h  Xb 44  X  52  =  2290  sq.  in 

h/e 1.83 


R/fc 


10,850,000 
52  X  442  X  780' 
d^  _  2^ 

h   ~  44 

p  per  face  (Fig.  37q) . . . 


0.139 

0.06 

0.49% 


From  the  preceding  calculations  it  is  evident  that  the  thinner  rib  is 
the  one  which  should  be  adopted.  As  the  percentages  of  reinforcement 
required  are  low,  a  small  reduction  in  the  concrete  sections  at  the  crown 
and  the  springing  would  be  permissible. 

Exact  Methods  of  Calculation 

In  the  following  exposition,  it  will  be  assumed  that  the  arch  rib  is 

symmetrical  about  its  centre  line,  as  that  is  the  condition  which  usuall}^ 

occurs.     Should  the  rib  be  unsymmetrical,  it  will  merely  be  necessary  to 

„   ,     ds   yds   yHs   x ds   xHs        .  sec  ads 

form  the  summations  01  ds,  -z-,  —7-,  —r-,  —=—,  —=-,  and  -. —  tor  the 

I      I       I       I        I  A 

entire  rib,  and  drop  the  coefficient  2  wherever  it  occurs  in  Equations  194, 
195,  196,  and  212.  The  various  summations  involving  M'  wall,  of  course, 
be  different  for  the  two  halves  of  the  rib;  but  the  equations  as  written 
allow  for  this. 


\ 

\  \ 

c 

^ 

■  \ 

V 

k^ 

Vo 

J 

Mo 

^ 

/ 

,         -^ 

A  "/ 

^A 

^v 

^ 

Fig.  Zlhh.    Sketch  of  Arch  Rib. 

Let  AC  B  \n  Fig.  '61  hh  hv  an  arch  rib  symmetrical  about  the  crown 
C,  fixed  at  the  ends,  and  loaded  in  any  manner.  Suppose  the  rib  to  be 
cut  at  C,  and  let  each  half  thereof  be  held  in  equilibrium  by  the  stresses 
acting  on  the  cut  section.  Then,  using  the  notation  given  on  page  789 
et  seq.,  we  have  the  following  formulae  for  the  thrust,  moment,  and 
shear  produced  at  the  crown  by  external  loads,  neglecting  the  effect  of 
arch  shortening. 
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r  M'l  X  (is  _    r  M'r  X  ds 

Mo^ ^ —  [Eq.  196] 

The  moment  at  any  point  in  the  left  half  of  the  rib  is  given  by  the  equation, 
Ml  =  Ml'  +  Mo  +  Hoij  -  Vo  x;  [Eq.  197] 

and  that  at  any  point  in  the  right  half,  by  the  formula, 

Mr  =  M/  +  Mo  +  Hoy+VoX.  [Eq.  198] 

The  vertical  components  of  the  thrusts,  the  thrusts,  and  the  shears  due 
to  vertical  loads  at  any  section  are  to  be  figured  by  the  formulae, 

Vi=Vo+  V'l,  [Eq.  199] 

Vr=Vo-  V'r,  [Eq.  200] 

Ti  =  Vi  sin  a  +  Ho  cos  a,  [Eq.  201] 

Tr  =  -Vr  sin  a  +  Ho  cos  a,  [Eq.  202] 

Si  =  Vi  cos  a-  Ho  sin  a,  [Eq.  203] 

and  Sr  =  Vr  cos  a  +  //„  sin  a.  [Eq.  204] 

In  Equations  196  to  204,  inclusive.  Ho,  Vo,  and  Mo  carry  their  own  signs, 
as  determined  from  the  preceding  equations. 

Should  any  of  the  loads  be  inchned,  the  quantity  Hg  is  to  be  replaced 
in  Equations  201  and  203  by  Ho  +  Hi,  and  in  Equations  202  and  204 
by  Ho  +  H/. 

For  arch  shortening,  we  have  the  following  formulse: 


^a- ^^rrr^rr^TT — ^^rr:nr:;z^ .».„„.■.„  ^^^,>  [Eq.  205] 


/"sec  a  ds  Cds 
yds 


/ 


Vo  =  -TT^,  [Eq.  206] 
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Ma=  -Ha  Vo,  [Eq.  207] 

Ml  =  Mr  =  M,  +  Hay  =  Ha  (y  -  Vo),  [Eq.  208] 

T^^  Tr  =  Ha  COS  a,  [Eq.  209] 

Si  =  -  Ha  sin  a,  [Eq.  210] 

and            Sr  =  Ha  sin  a.  [Eq.  211] 

In  Equation  205,  Ho  carries  its  own  sign,  as  does  Ha  in  Equations  207 
to  211,  inclusive.  The  second  term  in  the  denominator  of  Equation  205 
amounts  to  about  seven  or  eight  per  cent  of  the  first  term  in  arches  hav- 
ing a  rise  of  one-tenth  of  the  span,  to  about  two  and  one-half  per  cent 
when  the  rise  is  one-fifth  of  the  span,  and  to  less  than  one  per  cent  when 
the  rise  is  one-third  of  the  span  length.  Hence  it  may  be  neglected  ex- 
cept for  flat  arches,  as  the  error  thus  produced  is  on  the  side  of  safety. 
For  any  particular  case,  the  amount  of  this  error  will  be  about  equal  to 

rr^,  as  determined  from  Equation  188.  When  A  varies  about  as  sec  a. 
Ho 

/SGC  oi  (is  L 
can  be  replaced  by  z-j-;   and  when  A  varies  nearly 

as  sec^  a,  by  ^— r-. 

For  temperature  stresses  the  following  formulae  are  to  be  used: 

E  o:  tl  sec  ^  J   Y 
"'  ^  -ee.[/f/^-  (/f)']+2/^/f ■'"''""' 

Mt=  -Ht  Vo,  [Eq.  213] 

Mi  =  M,  =  Mt  +  Hty  =  Htiy-  yo),  [Eq.  214] 

Ti  =  Tr  =  Ht  cos  a,  [Eq,  215] 

Si=  -  Ht  sin  a,  [Eq.  216] 

and  Sr  =  Ht  sin  a.  [Eq.  217] 

The  value  of  ?/„  is  given  by  Equation  206.  In  Equation  212,  t  carries 
its  own  sign,  as  does  Ht  in  Equations  213  to  217,  inclusive.  The  equa- 
tion for  Ht  can  be  simplified,  for  arches  of  considerable  rise,  by  dropping 
the  last  term  of  the  denominator  of  the  right-hand  member,  as  was  ex- 
plained above  in  the  case  of  the  equation  for  Ha- 

The  calculations  should  be  carried  out  in  the  following  maimer,  after 
the  loads  which  come  upon  the  rib,  and  its  rise  and  span,  have  been  de- 
termined: 

1.  Make  a  preliminary  design  in  the  manner  previously  outlined,  and 
from  it  select  the  sections  at  the  cro\vn  and  springing,  determine 
the  law  of  variation  of  the  rib  thickness  at  intermediate  points, 
and  decide  whether  the  centre  line  of  the  rib  is  to  follow  the 
polygon  for  dead  only,  or  that  for  dead  load  plus  half  live  load. 
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2.  Recalculate  po,  l>s,  ^"^1  ",  if  necessary.     Then  decide  upon  the 

number  of  divisions  ij\to  which  the  rib  is  to  be  divided,  and 

dy 
determine  the  equations  for  y,  — ,  and  h. 

3.  Calculate  the  loads  at  the  various  load  points,  and  check  the 

value  of  u  just  selected  by  plotting  the  said  loads  to  scale,  as 
showTi  in  Fig.  37w".  (The  values  of  the  various  concentrations 
are,  of  course,  proportional  to  the  corresponding  equivalent  uni- 
form loads.)     If  necessary,  change  the  value  of  u,  and  deter- 

dy 
mine  the  new  equations  for  y,  — ,  and  h.     With  proper  care  it 

will  never  be  necessary  to  recalculate  the  loads  on  account  of 
such  changes. 

dii 

4.  Calculate  the  quantities  x,  y,  — ,  sec  a,h,h  —  2  d',  Aconc.,  ^s<eeJ>  A, 

^         ^        ^    ^    ds   yds   y-ds    xds     x^ds  ,  sec  ads 

I  cone,  J  sled,  I,  ds,  J,  -^,  -J-,  -y-,  — ^,  and  — -^ — •  tor  the 

various  sections,  as  indicated  in  Tables  376  and  37c,  and  form 

ds  sec  oi 
the  summations  for  the  quantities  ds  to  — -^ ,  inclusive. 

5.  Figure  the  values  of  Ho,  Vo,  and  Mo  for  external  loads  in  terms 

.  .       C  M'yds     C  ^'^ds  ,  CM'ds  ^ 

of  the  quantities    /  — j — ,J  — j — ■,  andy  — —  "y  means 

of  Equations  194,  195,  and  196. 

6.  Figure  the  value  of  Ha  in  terms  of  Ho,  the  value  of  yo,  and  the 

value  of  Ma  in  terms  of  Ha  and  Ho,  using  Equations  205,  206, 
and  207. 

7.  Figure  the  values  of  Ht  and  M<,  for  both  rise  and  fall  of  tempera- 

ture, by  means  of  Equations  212  and  213. 

8.  As  a  check,  compare  the  values  of  Ha,  Ma,  Ht,  and  Mt  just  found 

with  those  obtained  in  the  preUminary  design.  The  agreement 
should  be  close. 

^    ^  ,     ,         ,         ,  ^  ,,,    M'ds    M'yds  ,     M'xds    . 

9.  Calculate  the  values  oi  M  ,  — z — , — z — ,  and    — z lor  umt 

loads  at  each  load  point,  as  indicated  in  Tables  37d,  S7e,  37/, 
and  37g,  and  form  the  summations  for  the  last  three  quantities. 
10.  Calculate  the  values  of  Ho,  Vo,  and  Mg  for  unit  loads  at  each 
load  point  by  means  of  the  equations  written  out  under  Item 
5  of  this  hst,  and  from  them  calculate  the  values  of  V  and  M 
(for  the  said  unit  loads)  at  each  section  which  may  need  test- 
ing, using  Equations  197,  198,  199,  and  200;  and  record  the 
results  as  indicated  in  Table  37/i. 
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11.  Plot  influence  lines  for  the  moments  at  the  various  sections,  as 

indicated  in  Fig.  Sljj.  Any  irregularities  in  any  of  the  curves 
will  indicate  errors  in  the  calculation  work.  The  apices  of  the 
various  curves  should  also  lie  on  a  smooth  curve,  as  shown  by 
the  dotted  line  in  the  same  figure.  If  the  loading  is  distributed 
rather  than  concentrated,  the  curves  are  then  to  be  utilized  to 
find  the  moment  coefficients  for  uniform  loads.  These  coeffi- 
cients differ  from  the  corresponding  ones  for  concentrated  loads 
on  account  of  the  fact  that  the  influence  fines  are  curved  rather 
than  straight  between  load  points.  It  will  be  sufficiently  ac- 
curate to  assume  that  the  two  kinds  of  coefficients  are  equal 
except  in  the  case  of  the  coefficient  for  the  moment  produced 
by  a  load  at  the  point  where  it  acts,  and  in  the  case  of  the  coef- 
ficients for  the  moment  at  the  springing.  For  the  former,  the 
value  used  should  be  the  average  ordinate  of  the  portion  of  the 
influence  line  extending  from  the  point  in  question  halfway  to 
the  load  point  on  either  side;  and  for  the  latter,  it  will  be  suffi- 
cient to  use  the  coefficients  for  concentrated  loads  throughout, 
and  then  increase  the  negative  moment  by  the  product  of  the 
portion  of  the  load  extending  from  the  springing  halfway  to  the 
next  load  point  into  the  average  ordinate  of  this  same  portion  of 
the  influence  line.  Table  37h  should  be  extended  to  include  the 
moment  coefficients  for  uniform  loads  when  necessary. 

12.  Form  the  summations  of  the  positive  moments  and  the  negative 

moments,  and  the  algebraic  sum  of  these  two  sums,  for  each 
section  which  may  need  testing. 

13.  Figure,  for  dead  load,  the  values  of  Ho,  Vo,  and  Mo,  and  also  the 

values  of  V  and  M  for  each  point  which  may  need  testing.  The 
unit  loads  given  in  Table  37/i  are  to  be  used  for  this  purpose. 
Record  the  results  as  shown  in  Tables  S7i  and  37 j,  leaving 
a  space  in  the  second  table  for  writing  in  the  values  of  T  and 
S  for  such  sections  as  it  is  later  found  necessary  to  test. 

14.  Figure  the  live  load  concentrations,  and  then  compute  the  maxi- 

mum positive  and  negative  live  load  moments  at  each  section 
which  may  need  testing,  using  the  unit  loads  given  in  Table 
37/i  if  the  concentrations  are  unequal,  and  the  summations  given 
in  this  same  table  if  the  concentrations  are  all  equal.  Record 
the  results  as  shown  in  Tables  S7k  and  371,  leaving  space  for 
writing  in  the  values  of  //  and  T  for  such  sections  as  it  is  later 
found  necessary  to  test. 

15.  Calculate  Ha  and  Ma  from  the  equations  obtained  under  Item  6, 

assuming  the  arch  to  be  loaded  with  dead  load  and  one-half 
live  load  over  its  entire  length,  and  then  compute  the  moments 
due  to  arch  shortening  at  each  section  which  may  need  testing, 
using  for  this  purpose  Equation  208.     l^ocord  the  results  as 
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shown  ill  Table  37m,  leaving  space  for  writing  in  afterward  the 
values  of  T  and  S  for  such  sections  as  it  may  later  be  found 
necessary  to  test. 

16.  Calculate  the  moments  caused  by  temperature  changes  at  each 

section  whi(h  may  need  testing,  using  Equation  214  and  the 
values  of  Ht  found  under  Item  7.  Record  the  results  as  shown 
in  Tables  37/i  and  37o,  leaving  space  for  writing  in  the  values 
of  T  and  S  for  such  sections  as  it  may  later  be  found  necessary 
to  test. 

17.  Tabulate  the  maximum  positive  and  negative  moments  at  each 

section  which  may  need  testing,  as  shown  in  Table  37/?,  and  form 
the  summations  thereof  both  ^vith  and  without  considering  the 
effects  of  temperature  changes.  Leave  space  for  writing  in  the 
values  of  T  for  such  sections  as  it  is  later  found  necessary  to  test. 

18.  By  an  examination  of  the  sunamations  of  the  moments  just  found, 

determine  which  sections  must  be  tested. 

19.  Figure  the  dead  load  thrusts  at  the  critical  sections  just  selected 

by  means  of  Equation  201  or  Equation  202,  and  record  the 
results  in  Tables  37j  and  37p. 

20.  Figure  the  values  of  H  and  V  at  the  critical  sections  due  to  live 

loads  placed  in  position  to  produce  the  maximum  moments, 
using  the  values  for  unit  loads  given  in  Table  37h.  Note  the 
values  in  Tables  S7k  and  371,  figure  the  corresponding  values 
of  T  by  means  of  Equation  201  or  202,  and  record  the  results 
in  Tables  S7k,  37/,  and  37p. 

21.  Figure  the  values  of  T  at  the  various  critical  sections  due  to  arch 

shortening,  using  Equation  209,  and  record  the  results  in  Tables 
37m  and  37p 

22.  Figure  the  values  of  T  at  the  various  critical  sections  due  to  tem- 

perature changes,  using  Equation  215,  and  record  the  results  in 
Tables  37n,  37o,  and  37p. 

23.  Calculate  the  maximum  unit  stresses  on  the  concrete  and  steel  at 

the  various  critical  sections,  both  with  and  without  considering 
the  effects  of  temperature. 

24.  If  necessary,  figure  the  thrusts  at  additional  sections,  and  figure 

the  unit  stresses  at  these  sections. 

25.  Revise  the  reinforcement  to  suit  the  figured  stresses,  if  this  be 

required.  It  should  rarely  be  necessary  to  change  the  sections 
of  the  concrete  assumed.  If,  however,  it  should  be  found  that 
the  sections  at  first  adopted  were  decidedly  incorrect,  the  entire 
calculation  may  have  to  be  done  afresh.  Generally,  however, 
the  approximate  formulae,  employed  in  connection  with  the  de- 
sign already  made,  will  enable  one  to  effect  the  revision  properly 
without  repeating  the  complete  design;  for  the  amount  that  the 
approximate  formulae  are  in  error  can  easily  be  determined. 


886  BRIDGE   ENGINEERING  Chapter  XXXVII 

26.  Figure  the  maximum  shear  at  the  crown,  which  is  equal  to  Vg. 
For  the  dead  load  this  can  be  taken  from  Table  37 j,  and  for  the 
live  load  it  can  be  determined  by  means  of  Table  Z7h.  The 
maximum  unit  shear  at  the  crown  will  usually  be  at  least  almost 
as  large  as  that  at  any  other  section,  unless  the  rib  fails  to 
follow  the  theoretic  curve;  so  that  from  the  unit  shear  at  this 
point  it  is  possible  to  tell  whether  or  not  it  is  necessary  to  figure 
for  shear  at  other  sections.  If  it  be  found  advisable  to  make 
calculations  for  other  sections,  the  dead-load  shears  are  to  be 
figured  by  the  coefficients  given  in  Table  37/i  (or  by  simply 
summing  the  loads  between  the  crown  and  the  point  in  ques- 
tion, if  the  arch  be  symmetrical)  and  Equation  203  or  Equa- 
tion 204.  These  results  should  be  recorded  in  Table  37^,  if  the 
sections  being  tested  are  given  therein.  The  position  of  the 
live  load  for  maximum  shear  can  be  determined  from  Table 

V 

37/i,  the  ratio-77  being  less  than  tan  a  for  loads  producing  shear 

in  one  direction  and  greater  than  tan  a  for  loads  producing 
shear  in  the  other  direction.     The  values  of  the  live-load  shears 
are  to  be  figured  by  Table  37/i  and  Equation  203  or  Equation 
204.     The  shears  from  arch  shortening  are  to  be  figured  by 
Equation  210  or  Equation  211,  and  recorded  in  Table  37m,  if 
the  sections  being  tested  appear  therein.     The  shears  due  to 
temperature  changes  are  to  be  computed  by  Equation  216  or 
Equation  217,  and  the  results  recorded  in  Tables  37n  and  37o, 
if  there  happens  to  be  space  therein.     The  total  shears  are  then 
figured,  both  with  and  without  considering  the  effect  of  tem- 
perature changes,  and  the  unit  shears  are  computed.     If  load- 
ing which  is  really  distributed  has  been  assumed  concentrated 
at  certain  points  for  calculation  purposes,  this  fact  should  be 
considered  in  computing  the  shears  at  various  sections. 
When  choosing  the  value  of  Ng  under  Item  2  above,  it  will  be  found 
most  convenient  to  make  it  equal  to  twice  the  number  of  divisions  of  the 
half  rib  to  be  used  in  performing  the  integrations.     For  instance,  if  it 
were  desired  to  divide  each  half  of  the  rib  into  10  parts,  and  Ng  were 
made  10,  the  values  of  N  at  the  centres  of  the  various  sections  would  be 
M,  l/^>  23^,  etc.;   while  by  making  Ng  equal  to  20,  the  said  values  of 
iV  "become  1,  3,  5,  etc. 

In  figuring  the  weight  W  of  the  arch  rib  concentrated  at  any  load 

point  under  Item  3,  there  can  be  employed  the  formula, 
I' 
TT  =  150  X  6  X-  {hi  sec  ai  -f-  4/12  sec  aa  +  h  sec  02),         lEq.  218] 

in  which  I'  is  the  distance  between  load  points,  h^  and  sec  a^  the  values 
of  h  and  sec  a  at  the  said  load  point,  and  hi,  sec  ai,  /13,  and  sec  03,  their 
values  at  the  adjacent  load  points. 
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Under  Item  3,  when  th-awing  the  figure  similar  to  Fig,  37m,  it  will 
frequently  be  found  necessary  to  plot  two  or  three  trial  parabolas  before 
deciding  whetlu>r  the  value  assumed  for  u  is  satisfactory.  For  instance, 
if  in  drawing  the  parabola  in  Fig.  37n  it  had  been  assumed  that  P^  =  90,- 
000,  we  should  have  found  Pg  =  1.6  X  90,900  =  145,400,  and  the  result- 
ing jiarabola  would  have  fallen  (uitirely  below  the  curve  for  the  actual 
loads.  This  would  apparently  have  indicated  that  the  value  of  u  would 
have  to  be  changed;  but  by  drawing  other  parabolas  with  Po  =  90,000, 
89,000,  and  88,000,  and  u  =  1.6  in  each  case,  it  would  have  been  seen 
that  the  value  1.6  was  satisfactory. 

The  magnitude  of  the  dead-load  moments  produced  by  a  lack  of  agree- 
ment between  the  parabola  and  the  actual  load  line  can  be  judged  from 
Fig.  37ii.  For  instance,  in  the  problem  illustrated  the  load  Po  is  2,500 
pounds  greater  than  the  ordinate  to  the  parabola,  and  the  load  P12  is 
about  1,000  pounds  less  than  the  ordinate  to  the  said  parabola;  while 
the  loads  at  the  other  points  are  about  the  same  as  the  ordinates  thereto. 
By  turning  to  Fig.  37^}",  the  curves  of  which  are  similar  to  those  for  any 
other  arch,  it  will  be  seen  that  the  addition  of  load  at  Point  0  and  the 
reduction  of  load  at  Point  12  will  increase  the  positive  moment  near  the 
crowTi  and  the  negative  moment  near  Point  12.  The  approximate  values 
of  these  variations  for  any  particular  rib  can  be  computed  by  assuming 
that  the  moment  coefficients  for  the  said  rib  are  equal  to  those  in  Fig. 
37?j,  multiplied  by  the  ratio  of  the  span  length  of  the  rib  under  con- 
sideration to  93.3 — the  span  length  of  the  rib  illustrated.  Ordinarily,  the 
values  of  the  moments  due  to  this  cause  will  be  inappreciable.  Should 
it  appear  likely  in  any  particular  rib  that  the  difference  will  be  important 
at  an}^  section,  this  section  should  be  investigated. 

When  figuring  the  values  of  Ho,  Vo,  and  Mo  for  unit  loads  under 
Item  10,  it  is  to  be  noted  that  M'l  and  the  summations  in  which  it  ap- 
pears are  zero  for  a  load  on  the  right  half  of  the  rib,  and  that  M%  and 
the  summations  in  which  it  appears  are  zero  for  a  load  on  the  left  half 
of  the  rib. 

Under  Item  10  it  is  advisable  to  be  able  to  determine  correctly  the 
sections  which  need  testing,  in  order  to  avoid  a  large  waste  of  time. 
These  critical  sections  can  usually  be  determined  from  the  preliminary  de- 
sign. For  a  flat  arch,  figuring  sections  at  the  crown  and  springing  will 
sometimes  be  sufficient.  It  will  usually  be  advisable,  however,  to  test 
the  section  at  a  point  or  two  in  the  haunch  near  the  crown;  for  even  if 
it  is  quite  certain  that  the  stresses  there  are  not  so  high  as  those  at  the 
crowTi,  it  is  desirable  to  know  whether  all  of  the  reinforcement  used  at 
the  crown  is  needed  in  the  haunch.  It  will  probably  likewise  be  neces- 
sary to  consider  a  point  near  the  springing,  in  order  to  determine  where 
a  portion  of  the  hea\y  reinforcement  required  at  the  said  springing  may 
be  stopped  off.  The  approximate  methods  previously  given  will  generally 
show  whether  the  figuring  of  these  additional  sections  is  advisable.     For 
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an  arch  of  high  rise,  it  will  be  necessar}^  to  test  sections  at  several  points, 
as  high  stresses  are  certain  to  exist  throughout  the  rib.  The  approximate 
method  will  be  found  of  value  in  locating  these  critical  sections.  In  gen- 
eral, sections  near  the  crown  should  be  located  at  load  points,  where 
there  is  an  excess  of  positive  moments  both  from  the  concentration  of 
load  and  from  arch  shortening;  sections  in  the  haunches  should  be  taken 
at  load  points,  where  there  is  an  excess  of  positive  moments  from  the 
concentration  of  load,  and  little  stress  from  arch  shortening;  and  sections 
near  the  springing  should  be  taken  elsewhere  than  at  load  points,  in  order 
that  the  excess  of  negative  moment  due  to  arch  shortening  may  not  be 
partially  overcome  by  the  excess  of  positive  moment  due  to  concentration 
of  load.  As  previously  mentioned,  it  may  be  necessary  to  figure  certain 
sections  because  of  irregularities  in  the  loading;  and  if  the  centre  line 
of  the  rib  is  not  laid  out  to  follow  the  funicular  polygon  of  the  loads, 
the  testing  of  additional  sections  will  frequently  be  necessary. 

In  the  example  illustrated,  moment  coefficients  have  been  determined 
for  a  great  many  unnecessary  points,  in  order  that  they  may  be  used 
for  reference. 

In  figuring  the  dead-load  moments  at  the  load  points  of  an  open- 
spandrel  arch  (under  Item  13),  allowance  should  be  made  for  the  fact 
that  the  weight  of  the  arch  rib  itself  is  not  concentrated.  This  can  be 
done  most  easily  by  first  figuring  the  moment  as  though  the  entire  load 
were  concentrated,  and  then  subtracting  (algebraically)  from  the  result 
the  product  of  the  weight  of  the  portion  of  the  rib  which  is  assumed  to 
be  concentrated  at  the  load  point  in  question  by  the  approximate  differ- 
ence between  the  coefficients  for  concentrated  and  uniform  loads,  found 
as  explained  under  Item  11.  A  similar  correction  is  to  be  made  in  the 
moment  at  the  springing,  the  moment  figured  as  for  concentrated  loads 
being  reduced  (algebraically)  by  the  product  of  the  weight  of  the  portion 
of  the  rib  extending  from  the  said  springing  half-way  to  the  next  load 
point  into  the  average  ordinate  of  the  influence  line  for  this  same  portion. 

When  figuring  the  dead-load  values  of  V  under  Item  13  for  a  symmet- 
rical arch,  it  should  be  noted  that  the  value  thereof  at  any  point  is  merely 
the  sum  of  the  loads  between  the  crown  and  the  point  in  question. 

Under  Items  14  and  20,  the  conditions  of  live  loading  used  should 
strictly  be  those  producing  maximum  compression  in  the  top  and  bottom 
fibres  at  the  various  sections,  rather  than  those  giving  maximum  positive 
and  negative  moments  at  the  said  sections.  However,  in  many  instances 
the  two  conditions  of  loading  are  identical,  and  the  rule  as  given  will 
rarely  lead  to  errors  of  consequence.  For  exact  results  in  any  case,  there 
should  be  loaded  not  only  the  load  points  which  cause  moment  of  one 
sign,  but  also  those  producing  moment  in  the  opposite  direction  for  which 
the  eccentricity  of  thrust  (found  by  dividing  M  by  //<,  sec  a)  is  less  than 
one-sixth  (^)  of  the  thickness  of  the  section. 

Under  Item  15,  it  is  stated  that  the  arch  shortening  stresses  are  to 
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be  figured  for  dead  load  plus  half  of  live  load  over  the  entire  span.  This 
gives  fair  average  values,  and  obviates  the  large  amount  of  work  which 
would  be  necessary  if  calculations  were  made  for  every  condition  of  load- 
ing used.     The  error  involved  is  negligible. 

Under  Item  16  it  is  noted  that  the  moments  due  to  temperature  changes 
axe  to  be  computed  at  all  sections  which  may  need  testing.  For  arches 
of  considerable  rise,  it  will  be  well  to  figure  at  first  the  moments  at  the 
crown  and  springing  only.  The  summaries  of  the  moments  at  the  crown 
and  springing  are  then  made  up  (Item  17),  after  which  it  can  be  told 
whether  the  temperature  stresses  at  other  sections  need  to  be  figured. 
The  preliminary  design  will  usually  indicate  whether  the  effects  of  tem- 
perature changes  need  to  be  considered.  The  calculations  called  for  under 
Item  22  will,  of  course,  be  omitted  if  it  is  found  that  temperature  stresses 
will  not  afifect  the  design. 

Under  Item  17  it  is  unnecessary,  in  the  case  of  flat  arches,  to  form  the 
summations,  in  which  the  effect  of  temperature  is  not  considered,  as  the 
temperature  stresses  are  certain  to  affect  the  sections. 

In  order  to  illustrate  the  method  of  design  outlined  above,  there  will 
now  be  given  the  complete  calculations  for  the  arch  rib  which  has  pre- 
vioush'  been  designed  in  this  chapter  by  the  approximate  method.  The 
computations  for  this  rib  were  made  in  the  author's  office  before  the  ap- 
proximate formulae  for  design  had  been  worked  out,  which  explains  why 
the  form  of  rib  assumed  is  not  that  which  was  shown  by  the  preliminary' 
design  to  be  the  best. 

The  approximate  design  of  this  rib  assumed  that  its  centre  fine  would 
be  laid  out  to  suit  dead  plus  half  five  load.  If  it  had  been  laid  out  to 
suit  the  dead  load  only,  the  positive  live-load  moment  at  the  crown  would 
have  been  0.0048  wl-  rather  than  0.0043  wl-,  the  moments  at  the  haunch 
point  would  have  changed  but  little,  and  the  negative  live-load  moment 
at  the  springing  would  have  been  0.0204  wl-  instead  of  0.0226  wl-. 
The  sections  at  the  crown  and  springing  will  now  be  tested,  as.suming 
the  centre  line  of  the  rib  to  be  laid  out  for  dead  load  only,  and  that  the 
thickness  varies  in  accordance  with  Equation  178.  The  figures  when 
temperature  change  is  not  considered  will  not  be  given. 
Section  at  crown. 

Thrust— as  before +    327,000  lbs. 

^Moment 

As  before +    263,000  ft.-lbs. 

Add  (0.0048  -  0.0043)  2,120  X  93.3^ +        9,000      " 

Total +    272,000  ft.-lbs. 

or  +3,260,000  in.-lbs. 

e.  .  .  .3,260,000  ^  327,000 10.0" 

Dimensions  hXb 24"  X  52"  =  1248  sq.  in. 

- 2A 

c 
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^      3,260.000  0,39 

^'^'       52X24^X780 

^'  =  2^  ...  0.1 

h        24 

p  per  face  (Fig.  37g) 0.62% 

This  is  satisfactory. 

Section  at  springing. 

Thrust— as  before +      446,000  lbs. 

Moment 

Xs  before -       997,000  ft.-lbs. 

Deduct  (0.0226  -  0.0204)2120  X  93.32 40,000      " 

Total -       957,000  ft.-lbs. 

or  -  1 1,500,000  in.-lbs. 

e...  .11,500,000  -h  446,000 25.8" 

Dimensions  hXb 44"  X  52"  =  2290  sq.  in. 

^ ; 1.7 

'             _ll,50a000^  ....  0.147 

^Z-'''       52X44^X780 

€  ^'^  0.06 

h       44 

p  per  face  (Fig.  37q) 0-^6  % 

This  is  satisfactory. 

Evidently  in  this  case  it  makes  little  difference  whether  the  rib  is  laid 
out  for  dead  load  or  for  dead  load  plus  half  live  load.  Since  the  line  of 
pressure  passes  outside  of  the  springing  section  in  either  case,  it  will  be 
best  to  reduce  the  moment  at  this  point  as  much  as  possible.  The  rib  will 
therefore  be  laid  out  for  dead  load  only. 

We  shall  assume  the  following  values  of  r,  I,  b,  ho,  and  hg: 
r  =  18.5', 
Z  =  93.3', 
6  =  4'  6"  gross, 
=  4'  4"  for  figuring  weights  (allowing  for  paneling), 
=  4'  5"  for  figuring  moment  of  inertia  (allowing  for  paneUng), 
ho  =  2'  0"  =  24", 

hg  =  3'  7.7"  =  43.7",  the  theoretic  springing  being  taken  some  dis- 
tance inside  of  the  abutment,  and  the  thickness  at  the  face 
of  the  abutment  being  made  3'  6". 
The  floor-system  of  this  arch  will  be  considered  to  be  divided  into  10 
panels  each  9.33'  long,  and  to  consist  of  a  slab  resting  on  cantilever  beams 
and  cross-girders,  which  are  carried  on  spandrel  columns  resting  on  the 
arch  ribs.     It  \vill  be  assumed  that  this  portion  of  the  structure  has  already 
been  designed,  so  that  the  dead  load  thereof  can  be  readily  calculated. 
The  values  of  p<,  and  p,  will  first  be  figured,  for  dead  load  only. 
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Handrails, 

2 X  180  lbs. 

Fascia, 

2  X  1.7'  X  2' X  150  lbs. 

Slab, 

30'  X  0.83' X  150  lbs. 

Cantilever  beams, 

2  X  H(1.0'+  2.4')  X  5.4'^  9.33'  X  150  lbs. 
Cross-girders, 

17'  X  1'  X  3.5'  -^  9.33' X  150  lbs. 

Spandrel  columns, 

2  X  3'  X  1.25'  X  3'  -^  9.33' X  150  lbs. 

Arch  ribs, 

2  X  2'  X  4.33' X  150  lbs. 


360  lbs.  per  lin.  ft. 
1,020 
3,750 

300 

960 

360 
2,600 


9,350  lbs.  per  lin 


Total 

Pg  (Theoretic). 

Handrails,  fascia,  and  cantilever  beams, 

360  +  1020  +  300 1,680  per  lin.  ft. 

Slab, 

30'  X  0.86' X  150  lbs. 

Cross-girders, 

17'  X  1'  X  3.1'  ^  9.33' X  150  lbs. 

Spandrel  columns, 

2  X  3'  X  1.25'  X  20'  -^  9.33'. .    X  150  lbs. 
Arch  ribs, 

2  X  3.64'  X  4.33'  X  1.3 X  150  lbs. 


ft. 


3,870 

(I 

(( 

850 

i( 

If 

2,420 

(( 

(t 

6,160 

ii 

(C 

Total. 


14,980  per  lin.  ft. 


14,980       ,  , 


The  horizontal  projection  of  one-half  of  the  rib  will  now  be  divided 
into  twenty  equal  parts,  the  point  at  the  crown  being  numbered  0,  and 
the  one  at  the  springing,  20.  The  loads  will  be  considered  to  be  concen- 
trated at  the  spandrel  columns,  which  are  located  at  points  0,  4,  8,  12, 
and  16.  For  performing  the  approximate  integrations,  ten  divisions  will 
be  used,  the  centres  of  these  divisions  being  at  the  points  numbered 
1,  3,  5,  7,  9,  11,  13,  15,  17,  and  19. 

.  dy  , 

The  equations  for  y,  —,  and  h  are  now  to  be  written  out,  using  the 

forms  given  in  Equations  176,  177,  and  180,  since  Ng  equals  20.     We 
then  have: 


+ 


0.6  iV' 


_      18-5     (^       

^  ~  (1.6+5)  V200  "^  16X10 


0.04205iV2  ^  0.1051 


7^ 
10^' 
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dy 
dx 


18.5 


93.3  X  6.6 


{- 


2iV  + 


0.6  A^ 
103 


m 


)  =  0.03604A^  +  0.01802^-^3, 


tan  i8  =  0.865, 
sec  fi  =  1.322, 


--^  ^  =  24"+ («f^»H«.,,„  + 0.745^  sec. 

The  dead-load  concentrations  at  the  various  load  points  are  next  to  be 
figured.     As  the  first  step.  Table  37a  is  worked  out.     The  values  of  the 

TABLE   37a 
Data  for  Figuring  Dead-Load  Concentrations 


N 

X 

y 

dy/dx 

sec  a 

h 

h  sec  a 
inches 

h  sec  a. 
feet 

0 

0.00' 

0.00' 

0.000 

1.000 

24.00" 

24.0" 

2.00' 

4 

9.33' 

0.68' 

0.145 

1.011 

27.02" 

27.4" 

2.28' 

8 

18.67' 

2.73' 

0.298 

1.043 

30.22" 

31.5" 

2.63' 

12 

28.00' 

6.28' 

0.464 

1.102 

33 . 86" 

37.3" 

3.11' 

16 

37.33' 

11.46' 

0.650 

1.193 

38.22" 

45.6" 

3.80' 

20 

46.67' 

18.50' 

0.865 

1.322 

43.70" 

57.8" 

4.82' 

various  loads  are  then  computed  and  recorded  as  follows: 
Dead-Load  Concentrations. 

Point  0.  V 

Handrails  and  fascia, 

1380  X  9.33' 12,900  lbs. 

Slab, 

3750  X  9.33' 35,000  " 

Cantilever  beams, 

2  X  3^(1.1'  +  2.6')  X  5.0'  X  150 2,800  " 

Cross-girders, 

15.5'  X  4.9'  X  1'  X  150 11,400  " 

Spandrel  columns, 

2  X  3'  X  1.25'  X  3'  X  150 3,400  " 

Arch  ribs, 
2  X  9.33'  X  4.33'  (4  X  2.00'  +  2  X  2.28')  }4  X 

150 25,400  " 

Total 90,900  lbs. 

or  45,500  lbs.  per  rib. 
Point  4. 
Handrails,  fascia,  slab,  and  cantilever  beams, 
12,900  +  35,000  +  2,800 50,700  lbs. 

Cross-girders, 
16'  X  3.3'  X  1'  X  150 7,900  " 
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Spandrel  columns, 

2  X  3'  X  1.25'  X  3.5'  X  150 4,000  lbs. 

Arch  ribs, 
2  X  9.33'  X  4.33'(2.00'  +  4  X  2.28'  +  2.63') 

K  X  150 .     27,900   " 

Total 90,500  lbs. 

or  45,300  lbs.  per  rib. 
Point  8. 
Handrails,  fascia,  slab,  cantilever  beams,  and 

cross-girders,  50,700  +  7,900 58,600  lbs. 

Spandrel  columns, 

2  X  3'  X  1.25'  X  5.3'  X  150 6,000   "     . 

Arch  ribs, 

2  X  9.33'  X  4.33'(2.28'+  4  X  2.63'+  3.11') 
H  X  150 32,300   " 

Total 96,900  lbs. 

or  48,500  lbs.  per  rib. 
Pmnt  12. 
Handrails,  fascia,  slab,  cantilever  beams,  and 

cross-girders 58,600  lbs. 

Spandrel  columns, 

2  X  3'  X  1.25'  X  8.5'  X  150 9,600   " 

Arch  ribs, 
2  X  9.33'  X  4.33'  (2.63'  +  4  X  3.11'  +  3.80) 

%  X  150 38,300  '' 

Total 106,500  lbs. 

or  53,300  lbs.  per  rib. 
Point  16. 

Handrails,  fascia,  cantilever  beams,  and  cross- 
girders,  12,900  +  2,800  +  7,900 23,600  lbs. 

Slab,30(0.83'  X  5.17'  +  0.92'  X  4.17')  X  150.  36,300  " 
Spandrel  cols.,  2  X  3'  X  1.25'  X  13.3'  X  150.  14,900  " 
Arch  ribs,  2  X  9.33'  X  4.33'  (3.11'  +  4  X  3.80' 

+  4.81')  K  X  150 46,800  " 

121,600  lbs. 
or    60,800  lbs.  per  rib. 
Point  20  {theoretic). 

Handrails,  fascia,  slab,  cantilever  beams,  and 

cross-girders,  23,600  +  36,300 59,900  lbs. 

Spandrel  cols.,  2  X  3'  X  1.25'  X  19.6'  X  150.  .  22,100  " 
Arch  ribs,  2  X  9.33'  X  4.33'  X  4.88'  (average) 

X  150 59,300  " 

141,300  lbs. 
or  70,700  lbs.  per  rib. 
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The  half-span  of  the  arch  is  now  drawn  to  any  desired  scale  (see  Fig. 
37m),  the  positions  of  the  load  points  marked  thereon,  and  the  load  at 
each  point  laid  out  to  any  convenient  scale.     The  value  of  u  previously 


assumed  was  1.6. 


141  "^00 
If  Ps  is  141,300,  Po  should  evidently  be  —r~^,  or 

l.o 

88,400.     A  parabola  is  now  drawn  through  the  points  Pg  =  88,400  and  Pg  = 


Hor/'-eO 

Fig.  37w.     Plot  of  Loads  on  Arch  Rib. 


141,300.  The  ordinates  to  this  parabola  are  found  to  coincide  so  closely 
with  the  computed  loads  at  the  various  points  that  no  change  in  the 
value  of  u  is  required. 

We  now  proceed  to  fill  out  Table  376.  The  column  headed  h  —  2d' 
gives  the  distances  between  the  top  and  bottom  steel,  which  is  assumed 
to  he  23^"  from  each  face  of  the  rib.  The  area  of  the  steel  in  each  face 
will  be  assumed  as  0.5  per  cent  of  the  area  of  the  concrete  at  the  crown 
from  Point  0  to  Point  16,  and  as  0.5  per  cent  of  the  area  of  the  concrete 
at  the  edge  of  the  abutment  for  the  remainder  of  the  rib.  The  values  of  A 
and  I  will  be  computed  by  the  following  formulae: 

Points  0  to  16, 

A  =  4.42  /i  H-  2  X  4.42  (n  -  1)  X  0.01 
=  4.42  h  +  1.24 


/  = 


4.42 /i3       1.24  (/i  -  2d')^ 
+  - 


12  4 

=  0.368  /i^  +  0.31  {h  -  2dy. 
Points  17  to  20, 

A  =  4.42  h  +  3.5  X  4.42  (n  -  1)  X  0.01 

=  4.42  A  +  2.17 
/  =  0.368  h^  +  0.54  (h  -  2d'y. 
Table  37c  is  next  filled  out.      The  quantity  ds  is  equal  to  4.67  sec  a 
yds   y-  ds 


A  check  on  the  values  of 


,         ,  — y-,  and  -y—  can  be  obtained  by  first 
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figuring  —I—  and  —j—  by  multiplying  — ^  and  -y-  by?/  and  x,  respectively, 

and  then  computing  them  by  multiplying  y  by  x-  and  y'-. 

TABLE  376 
Dimensions,  Areas,  and  Moments  op  Inertia 


.V 

X 

y 

dy/dx 

sec  0 

h 
inches 

h-2d' 
inches 

h 

feet 

h-2d' 
feet 

0 

0.00 

0.00 

0.000 

1.000 

24.0 

19.0 

2.00 

1.58 

1 

2.33 

0.04 

0.036 

1.001 

24.8 

19.8 

2.06 

1.65 

3 

7.00 

0.38 

0.109 

1.006 

26.3 

21.3 

2.19 

1.78 

5 

11.67 

1.06 

0.183 

1.017 

27.8 

22.8 

2.32 

1.90 

7 

16.33 

2.09 

0.259 

1.033 

29.4 

24.4 

2.45 

2.03 

9 

21.00 

3.48 

0.338 

1.056 

31.1 

26.1 

2.59 

2.17 

11 

25.67 

5.24 

0.420 

1.085 

32.9 

27.9 

2.74 

2.33 

13 

30.33 

7.41 

0.508 

1.122 

34.9 

29.9 

2.91 

2.49 

15 

35.00 

9.99 

0.601 

1.167 

37.1 

32.1 

3.09 

2.67 

17 

39.67 

13.03 

0.701 

1.221 

39.5 

34.5 

3.29 

2.88 

19 

44.33 

16.55 

0.808 

1.286 

42.2 

37.2 

3.52 

3.10 

20 

46.67 

18.50 

0.865 

1.322 

43.7 

38.7 

3.64 

3.22 

.V 

Aconc. 

A  steel 

A 

Iconc. 

Isteel 

/ 

0 

8.84- 

1.24 

10.08 

2.94 

0.78 

3.72 

1 

9.11 

1.24 

10.35 

3.23 

0.84 

4.07 

3 

9.69 

1.24 

10.93 

3.85 

0.97 

4.82 

5 

10.26 

1.24 

11.50 

4.57 

1.12 

5.69 

7 

10.84 

1.24 

12.08 

5.40 

1.28 

6.68 

9 

11.46 

1.24 

12.70 

6.40 

1.47 

7.87 

11 

12.12 

1.24 

13.36 

7.60 

1.68 

9.28 

13 

12.88 

1.24 

14.12 

9.05 

1.92 

10.97 

15 

13.68 

1.24 

14.92 

10.85 

2.22 

13.07 

17 

14.56 

2.17 

16.73 

13.13 

4.46 

17.59 

19 

15.58 

2.17 

17.75 

16.05 

5.20 

21.25 

20 

16.11 

2.17 

18.28 

17.78 

5.61 

23.39 

TABLE  37c 

_.  ,     ds    y  ds    v^  ds    x  ds    x^  ds  sec  a  ds 

Values  of  ds,  -j-,  ^-j—,  ——,  -^—,  —j—,  and  — ;; — . 
I      I        I        I        I  A 


N 

ds 

ds 

y  ds 

y^ds 

X  ds 

x'ids 

sec  a  ds 

I 

I 

I 

I 

I 

A 

1 

4.67 

1.147 

0.05 

0.0 

2.68 

6 

0.452 

3 

4.69 

0.972 

0.37 

0.1 

6.80 

48 

0.431 

5 

4.75 

0.834 

0.88 

0.9 

9.73 

114 

0.420 

7 

8.82 

0.722 

1.51 

3.2 

11.81 

193 

0.413 

9 

4.93 

0.626 

2.18 

7.6 

13.15 

276 

0.410 

11 

5.06 

0.545 

2.86 

15.0 

14.01 

360 

0.411 

13 

5.24 

0.477 

3.54 

26.2 

14.48 

439 

0.417 

15 

5.45 

0.417 

4.17 

41.7 

14.61 

511 

0.426 

17 

5.70 

0  324 

4  22 

55 . 1 

12.86 

511 

0.417 

19 

6.00 

0.282 

4.66 

77.1 

12.51 

555 

0.434 

V 

51.31 

6.346 

24.44 

226.9 

112.64 

3013 

4.231 
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The  values  of  Ho,  F^,  and  Mo,  in  terms  of  the  quantities  2  M  'ds/l, 
2  M'y  ds/l,  and  2  M'x  ds/l,  are  next  found  as  follows : 

_  6.346  2  M'y  ds/l  -  24.44  2  M'ds/l 
2  (24.442  -  6.346  X  226.9) 

^  -  6.346  2  M'y  ds/l  +  24.44  2  M'ds/I 
2  X  842.6 
=  -  0.003766  2  M'y  ds/l  +  0.01450  2  M'ds/I. 

Vo  =  ^  (2  M'l  X  ds/l  -  2  M',  X  ds/l). 

2  X  24.44  //o  +  2  M'ds/I 

Mo= o^r^Ar =  -  3-851  Ho-  0.0788  2  M'ds/l. 

2  X  6.34o 

=  +  0.01450  2  M'y  ds/l  -  0.1346  2  M'ds/l. 

The  values  of  Ha  in  terms  of  Ho,  that  of  yo,  and  that  of  Ma  in  terms 

of  Ha  and  ^o,  are  next  computed  thus: 

4.231  X  6.346  Hg 26.9  Hp  _  _ 

"  ~       1.322  X  842.6  +  4.231  X  .346  ~  1141     ~  "  ^'^^^^  ""' 

24.44 
^«  =  OiiT  =  3.851'. 

Ma=  -  3.851  Ha  =  0.0909  //„. 

The  values  of  //„  and  ?/o  check  very  well  with  those  obtained  by  the 
approximate  method,  as  can  be  seen  by  comparison. 

The  values  of  Ht  and  Mt  for  a  50°  fall  of  temperature  are: 

_       288,000,000  X  0.000,006  X  50  X  93.3  X  6.346  X  1.322 
'  ~  2  X  1141 

=  -  29,700  lbs. 
Mt  =  29,700  X  3.851  =  +  114,000  ft.-lbs. 
The  values  of  Ht  and  ilf/  for  a  30"  rise  of  temperature  are: 
Ht  =  29,700  X  f  =  +  17,800  lbs. 
Mt  =  -  114,000  X  f  =  -  68,000  ft.-lbs. 

The  values  of  Ht  and  Mt  also  check  closely  with  those  obtained  by  the  ap- 
proximate formuljB. 

^,  ,  r  ,,/    ^^'ds   M'yds        ,  M'xds  ^  .    ,      , 

The  values  oi  M  ,  — —,  — j — ,  and  — j —  for  unit  loads  at  each 

of  the  load  points  are  now  figured,  and  the  results  recorded  in  Tables 
37c?,  37c,  37/,  and  37gf;  and  the  sunrunations  are  found  for  the  three  latter 
quantities. 

The  values  of  Ho,  Vo,  and  Mo  for  unit  loads  at  each  load  point  are  now 
figured  by  means  of  the  equations  determined  previously,  and  the  results 
recordetl  in  Table  37/i.  The  load  at  the  crown  is  treated  as  being  on  the 
right  half  of  the  rib. 
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TABLE  37(1 
Values  of  M'  for  Unit  Loads 


N 

Point  Loaded 

0 

4 

8 

12 

16 

1 

-  2.33 

3 

-   7.00 

5 

-11.67 

-  2.33 

7 

-16.33 

-  7.00 

9 

-21.00 

-11.67 

-   2.33 

11 

-25.67 

-16.33 

-  7.00 

13 

-30.33 

-21.00 

-11.67 

-   2.33 

15 

-35.00 

-25.67 

-16.33 

-  7.00 

17 

-39.67 

-30.33 

-21.00 

-11.67 

-2.33 

19 

-44.33 

-35.00 

-25.67 

-16.33 

-7.00 

TABLE  37e 

M'  ds 
Values  of  — =—  for  Unit  Loads 


N 

Point  Loaded 

0 

4 

8 

12 

16 

1 

-  2.68 

3 

-  6.80 

5 

-  9.73 

-   1.95 

7 

-11.81 

-  5.05 

9 

-13.15 

-  7.30 

-   1.46 

11 

-14.01 

-  8.91 

-  3.82 

13 

-14.48 

-10.03 

-  5.57 

-  i.ii 

15 

-14.61 

-10.71 

-  6.81 

-  2.92 

17 

-12.86 

-  9.83 

-  6.81 

-  3.78 

-0.76 

19 

-12.51 

-  9.87 

-  7.24 

-  4.61 

-1.97 

2 

-112.64 

-63.65 

-31.71 

-12.42 

-2.73 

TABLE  37/ 


Values  of 


M'  y  ds 


FOR  Unit  Loads 


Point  Loaded 


16 


■  0.1 

■  2.6 

■  10.3 
-  24.7 

■  45.8 

■  73.4 
■107.4 
■146.0 
■167.5 
■206.9 

■784.7 


-  2.1 

-  10.6 

-  25.4 

-  46.7 

-  74.3 
-107.0 
-128.0 
-163.2 

-557.3 


-  5.1 

-  20.0 

-  41.3 

-  68.2 

-  88.6 
-119.7 

-342.9 


-  8.2 

-  29.2 

-  49.2 

-  76.2 

-162.8 


-  42.5 
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TABLE  37^ 
Values  of  = —  for  Unit  Loads 


Point  Loaded 

N 

0 

4 

8 

12 

16 

1 

-       6 

3 

-     48 

5 

-  114 

-     23 

7 

-  193 

-     83 

9 

-  276 

-   153 

-     31 

11 

-  360 

-  229 

-     98 

13 

-  439 

-  304 

-   169 

-  34 

15 

-  511 

-  375 

-  239 

-102 

17 

-  511 

-  390 

-  270 

-150 

-  30 

19 

-  555 

-  438 

-  321 

-204 

-  87 

S 

-3013 

-1995 

-1128 

-490 

-117 

TABLE  37h 

Values  of  H,  V,  and  M  at  Various  Sections  in  the  Left  Half  of  Rib, 

FOR  Unit  Loads  at  Each  Load  Point 

(Load  at  crown  treated  as  being  on  right  half  of  rib.) 


Point 

Crown 

Point  1 

Point  3 

Loaded 

Ho 

Vo 

Mo 

Vi 

Ml 

V3 

Ms 

16L 

12L 

8L 

4L 

0 

4R 

8R 

12R 

16R 

+0.120 
+0.434 
+0.831 
+  1.175 
+  1.322 
+  1.175 
+0.831 
+0.434 
+0.120 

-0.019 
-0.081 
-0.187 
-0.331 
+0.500 
+0.331 
+0.187 
+0.081 
+0.019 

-0.23 
-0.69 
-0.70 
+0.49 
+3.79 
+0.49 
-0.70 
-0.69 
-0.23 

-0.019 
-0.081 
-0.187 
-0.331 
+0.500 
+0.331 
+0.187 
+0.081 
+0.019 

-0.18 
-0.48 
-0.23 
+  1.31 
+2.67 
-0.24 
-1.10 
-0.86 
-0.27 

-0.019 
-0.081 
-0.187 
-0.331 
+0.500 
+0.331 
+0.187 
+0.081 
+0.019 

-0.05 
+0.04 
+0.93 
+3.26 
+0.79 
-1.38 
-1.70 
-1.09 
-0.32 

S  Positive  M 
S  Negative  M 

"'6;442 

+4.77 
-3.24 
+  1.53 

+3.98 
-3.36 
+0.62 

. 

+5.02 
-4.54 
+0.48 

Point 

Point  4 

Point  5 

Point  7 

Point  8 

Loaded 

Vi 

Mi 

V, 

Mi 

V; 

My 

Vs 

Ms 

16L 

12L 

8L 

4L 

0 

4R 

8R 

12R 

16R 

-0.019 
-0.081 
-0.187 
+0.669 
+0.500 
+0.331 
+0.187 
+0.081 
+0.019 

+0.03 
+0.36 
+  1.62 
+4.38 
+0.02 
-1.80 
-1.89 
-1.15 
-0.32 

-0.019 
-0.081 
-0.187 
+0.669 
+0.500 
+C.331 
+0.187 
+0.081 
+0.019 

+0.12 
+0.72 
+2.37 
+3.27 
-0.64 
-2.13 
-2.00 
-1.17 
-0.33 

-0.019 
-0.081 
-0.187 
+0.669 
+0.500 
+0.331 
+0.187 
+0.081 
+0.019 

+0.33 
+  1.54 
+4.10 
+  1.36 
-1.61 
-2.46 
-2.02 
-1.11 
-0.29 

-0.019 
-0.081 
+0.813 
+0.669 
+0.500 
+0.331 
+0.187 
+0.081 
+0.019 

+0.46 
+2.01 
+5.07 
+0.55 
-1.93 
-2.48 
-1.93 
-1.02 
-0.25 

S  Pos.  M 
2  Neg.  M 

SM 

+6.41 
-5.16 
+  1.25 

+6.48 
-6.27 
+0.21 

+7.33 
-7.49 
-0.16 

+8.09 
-7.61 
+0.48 
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Point 

Point  9 

Point  11 

Point  13 

Point  15 

Loaded 

V. 

A/9 

V« 

Mil 

Viz 

A/.3 

V.6 

Mu 

16L 

12L 

8L 

4L 

0 

4R 

8R 

12R 

16R 

-0.019 
-O.OSl 
+0.813 
+0.669 
+0.500 
+0.331 
+0.187 
+0.081 
+0.019 

+0.59 
+2.52 
+3.79 
-0.13 
-2.10 
-2.38 
-1.74 
-0.88 
-0.21 

-0.019 
-O.OSl 
+0.S13 
+0.669 
+0.500 
+0.331 
+0.187 
+0.081 
+0.019 

+0.89 
+3.66 
+  1.46 
-1.18 
-2.11 
-1.86 
-1.15 
-0.50 
-0.09 

-0.019 

+0.919 
+0.813 
+0.669 
+0.500 
+0.331 
+0.187 
+0.081 
+0.019 

+  1.24 
+2.64 
-0.53 
-1.75 
-1.57 
-0.85 
-0.22 
+0.06 
+0.08 

-0.019 
+0.919 
+0.813 
+0.669 
+0.500 
+0.331 
+0.187 
+0.081 
+0.019 

+  1.63 
-0.53 
-2.17 
-1.84 
-0.49 
+0.64 
+  1.05 
+0.80 
+0.30 

S  Pos.  M 
S  Neg.  M 
2  3/ 

+6.90 
-7.44 
-0.54 

+6.01 
-6.89 
-0.88 

+4.02 
-4.92 
-0.90 

+4.42 
-5.03 
-0.61 

Point 

Point  17 

Point  19 

Point  20 

Loaded 

Vn 

Ml7 

Vl9 

Ml9 

Vk 

Mto 

16L 

12L 

8L 

4L 

0 

4R 

8R 

12R 

16R 

+0.981 
+0.919 
+0.813 
+0.669 
+0.500 
+0.331 
+0.187 
+0.081 
+0.019 

-  0.25 

-  3.49 

-  3.44 

-  1.39 
+  1.20 
+  2.67 
+  2.70 
+  1.75 
+  0.58 

+0.981 
+0.919 
+0.813 
+0.669 
+0.500 
+0.331 
+0.187 
+0.081 
+0.019 

-  4.40 

-  6.25 

-  4.32 

-  0.38 
+  3.51 
+  5.26 
+  4.76 
+  2.90 
+  0.91 

+0.981 
+0.919 
+0.813 
+0.669 
+0.500 
+0.331 
+0.187 
+0.081 
+0.019 

-  6.45 

-  7.54 

-  4.59 
+  0.35 
+  4.92 
+  6.78 
+  5.94 
+  3.56 
+  1.10 

S  Pos.  M 

SNeg.M 

SA/ 

+  8.90 
-  8.57 
+  0.33 

+3^382 

+  17.34 
-15.35 
+  1.99 

+22.65 
-18.58 
+  4.07 

It  is  next  necessary  to  determine  the  sections  which  may  need  testing. 
In  laying  out  this  rib,  the  springing  (Point  20)  was  assumed  some  dis- 
tance within  the  abutment,  Point  19  falling  about  at  the  face  thereof; 
so  that  the  section  at  Point  20  will,  therefore,  not  need  testing.  The 
crown  and  Point  19  must,  of  course,  be  figured;   and  as  the  arch  is  only 

fairly  flatf  y  =  T"),  the  load  point  nearest  to  the  crown — Point  4 — ^must 

be  tested.  The  next  load  point — Point  8 — is  not  very  Mkely  to  need 
testing.  By  turning  back  to  the  preliminary  design,  we  note  that  the 
section  at  Point  4  is  not  so  highly  stressed  as  that  at  the  crown,  and  by 
making  similar  figures  for  Point  8  it  is  evident  the  stresses  here  will  be 
still  less.  It  will  be  advisable  to  test  both  of  these  sections,  however. 
One  point  near  Point  19 — say  that  at  Point  17 — will  probably  be  suffi- 
cient. We,  therefore,  need  to  figure  the  moments  for  sections  at  the 
crown,  Point  4,  Point  8,  Point  17,  and  Point  19.  As  has  been  previously 
stated,  the  moments  at  several  other  points  will  be  figured,  in  order  to 
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giv^  a  complete  set  of  values  for  reference.     These  additional  points  will 
be  Points  1,  3,  5,  7,  9,  11,  13,  15,  and  20. 

The  values  of  M  and  V  at  the  various  sections  in  the  left  half  of  the 
rib  due  to  unit  loads  at  the  various  load  points  are  now  figured  by  means 
of  Equations  197  and  199.     V  for  any  section  is  equal  to  zero  for  a  load 


^<PZ 


^1 


?^ 


I 


«^z 

I 


^z 


0 


4R 
I 


^ 


xCfe 


ri 


6R         /3ff       /6ff       ^Ofi 

'     i     !     !i 


^ 


^^. 


<: 


/j/i 


Fig.  37jj-. 


^5ca/es 

/ior  /''=20' 
l/erf  /"=  4fUbs. 


Influence  Lines  for  Moments  at  Various  Sections  in  the  Left-Half  of  Rib, 
for  Unit  Loads  at  Each  Load  Point. 


i 


on  the  right  half  of  the  rib  or  between  the  left  springing  and  the  section 
in  question,  and  to  unity  for  a  load  between  the  crown  and  the  said  sec- 
tion. The  results  are  recorded  in  Table  37/i.  The  calculations  for  the 
values  of  M  can  be  conveniently  arranged  to  reduce  the  labor  to  a  mini- 
mum, as  shown  herewith  for  a  load  at  Point  16  on  the  left  half  of  the 


Section 

201 

192 

in 

152 

132 

11? 

91 

81 

11 

51 

41 

31 

11 

M' 
Mo 

Hoy 

-9.33 
-0.23 

+2.22 
+0.89 

-7.00 
-0.23 

+1.99 
+0.84 

-2.33 
-0.23 
+  1.56 
+0.75 

0 
-0  23 
+1.20 
+0.66 

0 
-0.23 
+0.89 
+0.58 

0 
-0.23 
+0.63 
+0.49 

0 
-0.23 
+0.42 
+0.40 

0 
-0.23 
+0.33 
+0.36 

0 
-0.23 
+0.25 
+0.31 

0 
-0.23 
+0.13 
+0.22 

0 
-0.23 
+0.08 
+0.18 

0 
-0.23 
+0.05 
+0.13 

0 
-0.23 
+0.01 
+0.04 

M 

-6.45 

-4.40 

-0.25 

+1.63 

+1.24 

+0.89 

+0.59 

+0.46 

+0.33 

+0.12 

+0.03 

-0.05 

-0.18 
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rib.  Only  two  settings  of  the  slide  rule  are  required,  one  for  the  products 
Ho  y,  the  other  for  the  products  Vo  x. 

The  influence  lines  for  the  moments  at  the  various  sections  due  to 
the  unit  loads  are  then  drawn  for  a  check,  as  shown  in  Fig.  S7jj.  (When 
the  calculations  were  first  made,  a  few  important  errors  therein  produced 
iriH^gularities  in  the  curves,  and  were  thus  detected.) 

The  summations  of  all  of  the  positive  moments  at  each  section  are 
then  formed,  and  also  those  for  the  negative  moments.  The  algebraic 
sum  of  these  two  summations  for  each  section  is  also  obtained. 

The  values  of  Ho,  Vo,  and  Mo  for  dead  load  are  then  computed  by 
means  of  the  values  for  unit  loads  given  in  Table  37h,  and  the  results 
are  recorded  in  Table  37t.     The  value  of  Mo  for  the  load  at  Point  0  is 

TABLE  37i 
Dead-Load  Stresses 


Point 

Load 

Crown — Point  0 

Point  1 

Loaded 

Ho 

Vo 

Mo 

V 

M 

16  R  and  L 

12  R  and  L 

8  R  and  L 

4  R  and  L 

0 

60,800 
53,300 
48,500 
45,300 
45,500 

+   14,600 
+  46,300 
+  80,600 
+  106,600 
+  60,100 

0 
0 
0 
0 
+  22,800 

-  28,000 

-  74,000 

-  68,000 
+  44,000 
+  160,000 

0 
0 
0 
0 

+  22,800 

-  27,000 

-  72,000 

-  65,000 
+  49,000 
+  122,000 

V 

+308,200 

+  22,800 

+  34,000 

+  22,800 

+     7,000 

Point 

Point  3 

Point  4 

Point  5 

Loaded 

V 

M 

V 

M 

V 

M 

16  R  and  L 

12  R  and  L 

8  R  and  L 

4  R  and  L 

0 

0 
0 
0 
0 

+  22,800 

-  23,000 

-  56,000 

-  37,000 
+  85,000 
+  36,000 

0 

0 

0 

+  45,300 

+  22,800 

-  18,000 

-  42,000 

-  13,000 
+  103,000 
+     1,000 

0 

0 

0 

+  45,300 

+  22,800 

-  13,000 

-  24,000 
+  18,000 
+  52,000 

-  29,000 

S 

+  22,800 

+     5,000 

+  68,100 

+  31,000 

+  68,100 

+     4,000 

Point 

Point  7 

Point  8 

Point  9 

Loaded 

V 

M 

V 

M 

V 

M 

16  R  and  L 

12  R  and  L 

8  R  and  L 

4  R  and  L 

0 

0 

0 

0 

+  45,300 

+  22,800 

+     2,000 
+  23,000 
+  101,000 

-  50,000 

-  73,000 

0 

0 

+  48,500 

+  45,300 

+  22,800 

+   13,000 
+  53,000 
+  134,000 

-  87,000 

-  88,000 

0 

0 

+  48,500 

+  45,300 

+  22,800 

+  23,000 
+  87,000 
+  99,000 
-114,000 
-  96,000 

V 

+  68,100 

+     3,000 

+  116,600 

+  25,000 

+  116,600 

-     1,000 
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Point 

Point  11 

Point  13 

Point  15 

Loaded 

V 

M 

V 

M 

V 

M 

16  R  and  L 

12  R  and  L 

8  R  and  L 

4  R  and  L 

0 

0 

0 

+  48,500 

+  45,300 

+  22,800 

+  49,000 
+  169,000 
+  15,000 
-138,000 
-  96,000 

0 
+  53,300 
+  48,500 
+  45,300 
+  22,800 

+  80,000 
+  144,000 

-  36,000 
-118,000 

-  71,000 

0 
+  53,300 
+  48,500 
+  45,300 
+  22,800 

+  117,000 
+  14,000 

-  54,000 

-  54,000 

-  22,000 

S 

+  116,600 

-     1,000 

+  169,900 

-     1,000 

+  169,900 

+     1,000 

Point 

Point  17 

Point  19 

Point  20 

Loaded 

V 

M 

V 

M 

V 

M 

16  R  and  L 

12  R  and  L 

8  R  and  L 

4  R  and  L 

0 

+  60,800 
+  53,300 
+  48,500 
+  45,300 
+  22,800 

+  20,000 

-  93,000 

-  36,000 
+  58,000 
+  55,000 

+  60,800 
+  53,300 
+  48,500 
+  45,300 
+  22,800 

-212,000 
-179,000 
+  21,000 
+221,000 
+  160,000 

+  60,800 
+  53,300 
+  48,500 
+  45,300 
+  22,800 

-325,000 
-212,000 
+  66,000 
+323,000 
+224,000 

S 

+230,700 

+     4,000 

+230,700 

+  11,000 

+230,700 

+  *43,000 

Mo  for  load  at  Point  0  =  45,500  X  3.79  -  12,700  X  1  0  =  160,000  ft.  lbs. 
M4  for  load  at  Point  4  =  45,300  X  2.58  -  14,000  X  1.0  =  103,000  ft.  lbs. 
il/g  for  load  at  Point  8  =  48,500  X  3. 14  -  16,300  X  1 .0  =  134,000  ft.  lbs. 

*Reduction  in  M20  for  weight  of  arch  rib  near  springing  =  J^  X  29,700  X  2.2  = 
33,000  ft.  lbs. 

reduced,  as  noted  at  the  bottom  of  the  table,  to  allow  for  the  fact  that 
the  weight  of  the  arch  rib  is  not  concentrated,  as  is  explained  under  Item 
11.  The  values  of  M  at  each  section  are  next  figured  in  a  similar  manner, 
and  the  results  are  tabulated  in  Table  S7i.  The  moment  at  Point  4  due 
to  the  load  at  that  point  is  reduced  as  shown  at  the  bottom  of  the  table, 

TABLE  37j 
Summary  of  Dead-Load  Stresses 


Section 

H 

V 

T 

s 

M 

0 
1 

+308,200 

+  22,800 

+308,000 

+23,000 

+34,000 
+  7,000 

3 

+  5,000 

4 
5 

+308,200 

+  68,100 

+315,000 

+31,000 
+  4,000 

7 

+  3,000 

8 

+25,000 

9 

-   1,000 

11 

-   1,000 

13 

-   1,000 

15 

+  1,000 

17 
19 
20 

+308,200 
+308,200 

+230,700 
+230,700 

+384,000 
+384,000 

+  4,000 
+  11,000 
+43,000 
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as  is  also  the  moment  at  Point  S;  and  the  moment  at  the  springing  is 
also  properl}'  reducetl,  one-half  of  29,700  pounds  being  the  weight  of  the 
jiortion  of  the  arch  rib  extending  from  the  springing  to  Point  18.  (See 
Dead-Load  Concentrations,  Point  20.) 

The  total  dead-load  stresses  at  the  various  sections  are  then  tabulated 
in  Table  37;. 

The  live-load  concentration  is  next  figured.  From  the  preliminary- 
design,  we  know  that  the  live  plus  impact  load  per  lineal  foot  of  rib  is 
2,120  pounds,  so  that  the  value  of  a  concentration  is  evidently  2120  X  9.33' 
=  20,000  lbs.  approximately. 

The  maximum  positive  and  maximum  negative  live-load  moments  at 
each  section  are  then  figured  by  means  of  the  summations  given  at  the 
bottom  of  Table  37/i,  and  the  results  are  tabulated  in  Tables  2>lk  and  37L 

TABLE  37A; 
Maximum  Positive  Live-Load  Moments 


Section 

Points  Loaded 

H 

V 

T 

M 

0 

4L-  4R 

+73,000 

+  10,000 

+73,000 

+  95,000 

1 

4L-  0 

+  80,000 

3 

12L-  0 

+  100,000 

4 

16L-  0 

+78,000 

+V8,000 

+80,000 

+  128,000 

5 

16L-  4L 

+  130,000 

7 

16L-  4L 

+  147,000 

8 

16L-  4L 

+  162,000 

9 

16L-  8L 

+  138,000 

11 

16L-  8L 

+  120,000 

13 

16L,  12L,  12R,  16R 

+  80,000 

15 

16L,  4R-16R 

+  88,000 

17 

0   -16R 

+  178,000 

19 

0   -16R 

+347,000 

20 

4L-16R 

+453,000 

TABLE  37Z 
Maximum  Negative  Live-Load  Moments 


Section 

Points  Loaded 

H 

V 

T 

M 

0 

16L-8L,  8R-16R 

-   65,000 

1 

16I^8L,  4R-16R 

-  67,000 

3 

16L,  4R-16R 

-  91,000 

4 

4R-16R 

- 103,000 

5 

0    -16R 

- 125,000 

7 

0    -16R 

- 150,000 

8 

0   -16R 

- 152,000 

9 

4L-16R 

- 149,000 

11 

4L-16R 

- 138,000 

13 

8L-  8R 

-  98,000 

15 

12L-  0 

-101,000 

17 

16L-  4L 

+51,000 

+68,000 

+81,000 

-171,000 

19 

16L-  4L 

+51,000 

+68,000 

+82,000 

-307,000 

20 

16L-  8L 

-372,000 
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The  value  of  Ha,  the  thrust  at  the  crown  due  to  arch  shortening,  is 
next  figured  for  dead-plus-half-hve  load  over  the  entire  span.  The  value 
of  Ho  is  obtained  thus: 

Dead  load— see  Table  37; +  308,200 

Half  live  load— ^^^  X  6.442  (by  Table  37/i) +    64,400 

Ho= +  372,600 

The  value  of  Ha  is  therefore 

Ha=  -  0.0236  X  372,600  =  -  8,800  lbs. 

The  moments  at  the  various  sections  due  to  arch  shortening,  to  rise 
of  temperature,  and  to  fall  of  temperature  are  then  figured,  and  the  results 
are  tabulated  in  Tables  37m,  37n,  and  37o.  H  is  constant  throughout 
each  table,  being  equal  to  the  value  at  the  crown;  and  V  is  zero. 


TABLE  37m 
Stresses  from  Arch  Shortening 


Section 

2/ -3.85 

Ha 

V 

T 

s 

M 

0 

1 

3 

4 

5 

7 

8 

9 

11 

13 

15 

17 

19 

20 

-  3.85 

-  3.81 

-  3.47 

-  3.17 

-  2.79 

-  1.76 

-  1.12 

-  0.37 
+  1.39 
+  3.56 
+  6.14 
+  9.18 
+  12.70 
+  14.65 

-  8,800 

-  8,800 

-  8,800 

-  8,800 

-  8,800 

-  8,800 

-  8,800 

-  8,800 

-  8,800 

-  8,800 

-  8,800 

-  8,800 

-  8,800 

-  8,800 

OOOOOOOOOOOOOO 

-  9,000 
'-  "9,000 

"-""7,600 

-  7,000 



+  34,000 
+  34,000 
+  31,000 
+  28,000 
+  25,000 
+  15,000 
+  10,000 
+     3,000 

-  12,000 

-  31,000 

-  54,000 

-  81,000 
-112,000 
-129,000 

TABLE  37n 
Stresses  from  30°  Rise  of  Temperature 


Section 

J/-3.85 

Ht 

V 

T 

s 

M 

0 
1 
3 

4 

5 

7 

8 

9 

11 

13 

15 

17 

19 

20 

-  3.85 

-  3.81 

-  3.47 

-  3.17 

-  2.79 

-  1.76 

-  1.12 

-  0.37 
+  1.39 
+  3.56 
+  6.14 
+  9.18 
+  12.70 
+  14.65 

+  17,800 
+  17,800 
+  17,800 
+  17,800 
+  17,800 
+  17,800 
+  17,800 
+  17,800 
+  17,800 
+  17,800 
+  17,800 
+  17,800 
+  17,800 
+  17,800 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

+  18,000 
+  "18,006 

+"i'5",6o6 

+  14,000 

-  68,000 

-  68,000 

-  62,000 

-  56,000 

-  50,000 

-  31,000 

-  20,000 

-  7,000 
+  25,000 
+  63,000 
+  109,000 
+  163,000 
+226,000 
+261,000 
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TABLE  37o 
Stresses  from  50°  Fall  of  Temperature 


Section 

V-3.86 

Hi 

V 

T 

S 

M 

0 

1 

3 

4 

5 

7 

8 

9 

11 

13 

15 

17 

19 

20 

-  3.85 

-  3.81 

-  3.47 

-  3.17 

-  2.79 

-  1.76 

-  1.12 

-  0.37 
+  1.39 
+  3.56 
+  6.14 
+  9.18 
+  12.70 
+  14.65 

-29,700 
-29,700 
-29,700 
-29,700 
-29,700 
-29,700 
-29,700 
-29,700 
-29,700 
-29,700 
-29,700 
-29,700 
-29,700 
-29,700 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-30,000 

-29,666 

'-24,066 
-23,000 

+  114,000 
+  113,000 
+  103,000 
+  94,000 
+  83,000 
+  52,000 
+  33,000 
+  11,000 
-  41,000 
- 106,000 
-182,000 
-273,000 
-377,000 
-435,000 

Table  37p,  giving  the  maximum  positive  and  maximum  negative  mo- 
ments at  the  various  sections,  is  next  made  up.  The  maximum  moments, 
both  with  and  without  the  effect  due  to  a  change  of  temperature,  are 
figured  for  each  section.  Remembering  that  Point  19  is  at  the  face  of 
the  abutment,  it  is  evident  that  we  need  to  test  the  crown  and  Point  19 
only,  so  far  as  the  concrete  sections  are  concerned;  and  Points  4  and  17, 
and,  possibly,  Points  8  and  15,  to  determine  the  reinforcement.  The 
values  of  the  thrusts  at  the  crown  and  at  Points  4,  17,  and  19  are,  there- 
fore, computed  as  explained  under  Items  19,  20,  21,  and  22,  such  blanks 
being  filled  out  in  Tables  37j  to  37p,  inclusive,  as  are  found  necessary. 
Evidently  we  need  to  figure  for  maximum  positive  moments  only  at  the 
crown  and  Point  4,  and  for  maximum  negative  moments  only  at  Points 
17  and  19. 

The  sections  at  these  four  points  are  now  tested  as  follows: 

Section  at  Crown.  Temperature  Temperature 

Dimensions  h  X  b,  Not  Considered  Considered 

24X53 1272  sq.  in.  1272  sq.  in. 

Moment +  163,000  ft.  lbs.  +  277,000  ft.  lbs. 

Thrust +  372,000  lbs.  +  342,000  lbs. 

e 0.44'  =  5.2"  0.81'  =  9.7" 

— 4.6  2.5 

e 

R  163,000  X  12         _  ,  __      277,000  X  12        _  .,  ._ 

—  •  =  0.107 •  =  0.140 

/c  53  X  242  X  600  53  X  24^  X  780 

^ ?:^  =  0.1  0.1 

h  24 

p  per  face  (Fig.  37g) .  .  ...  0.64% 

This  result  is  satisfactory. 

Use  111"  round  bars  in  each  face,  making  v  =  '■ —  =  0.68%. 

1272 
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TABLE  37p 
Maximum  Positive  and  Negative  Moments  at  Various  Sections 


Section 

Loading 

Maximum  Positive 
Moments 

Maximum  Negative 
Moments 

Thrust 

Moment 

Thrust 

Moment 

D 

+308,000 
+   73,000 

-  9,000 

-  30,000 

+  34,000 
+  95,000 
+  34,000 
+  114,000 

+   34,000 
-  65,000 

L 

AS 

+  34,000 

0 

T 

-  68,000 

D+L+^5 

+372,000 
+342,000 

+  163,000 
+277,000 

+     3,000 
-  65,000 

D+L+AS  +  T 

D 

+     7,000 
+  80,000 
+  34,000 
+  113,000 

+     7,000 

L     

—  67,000 

AS 

+  34,000 
-  68,000 

1 

T 

D+L+AS 

+  121,000 
+234,000 

-  26,000 

-  94,000 

£)-}-L+A>S  +  r..  . 

D 

+     5,000 
+  100,000 
+  31,000 
+  103,000 

+     5,000 

-  91,000 
+  31,000 

-  62,000 

L 

AS     

3 

T 

D+L+AS 

+  136,000 
+239,000 

-  55,000 
-117,000 

D+L-\-AS  +  T 

D 

+315,000 
+  80,000 

-  9,000 

-  29,000 

+  31,000 
+  128,000 
+  28,000 
+  94,000 

+  31,000 
- 103,000 
+  28,000 

L 

AS 

4 

T 

-   56,000 

D-\-L+AS  

+386,000 
+357,000 

+  187,000 
+281,000 

-  44,000 

£)-j-L+.4,S  +  r 

- 100,000 

D 

+     4,000 
+  130,000 
+  25,000 
+  83,000 

+     4,000 
- 125,000 
+  25,000 
-  50,000 

L          

AS 

5 

T 

D^L-\-AS 

+  159,000 
+  242,000 

-  96,000 
- 146,000 

j)j^l,j^AS  +  T .. 

D 

+     3,000 
+  147,000 
+  15,000 
+  52,000 

+     3,000 

L 

- 150,000 

AS 

+   15,000 

7 

T 

-   31,000 

D+L+AS 

+  165,000 
+217,000 

- 132,000 

D+L+AS+T 

- 163,000 



D  

+  25,000 
+  162,000 
+   10,000 
+  33,000 

+  25,000 

L 

- 152,000 

AS 

+  10,000 

8 

T 

-  20,000 

0+L+AS 

+  197,000 
+230,000 

-117,000 

0-\-L+AS  +  T 

- 137,000 
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TABLE  37p  {Continued) 


Section 

Loading 

Maximum  Positive 
Moments 

Maximum  Negattvb 
Moments 

Thrust 

Moment 

Thrust 

Moment 

D 

-     1,000 
+  138,000 
+     3,000 
+  11,000 

-  1,000 
- 149,000 
+     3,000 

-  7,000 

L 

AS 

9 

T 

D+L+AS 

+  140,000 
+  151,000 

- 147,000 
- 154,000 

D+L+AS  +  T 

D 

-  1,000 
+  120,000 

-  12,000 
+  25,000 

—     1,000 

L 

AS 

— 138  000 

-  12,000 

-  41,000 

11 

T 

D+L+AS 

+  107,000 
+  132,000 

-151,000 
- 192,000 

D+L+AS  +  T 

■ 

D 

L 

AS 

T 

-  1,000 
+  80,000 

-  31,000 
+  63,000 

-  1,000 

-  98,000 

-  31,000 
- 106,000 

13 

D+L+AS 

D+L+AS  +  T 

+  48,000 
+  111,000 

- 130,000 
-236,000 

D 

+     1,000 
+  88,000 
-  54,000 
+  109,000 

+  1,000 
-101,000 
-  54,000 
- 182,000 

L 

AS 

T 

15 

D+L+AS 

+  35,000 
+  144,000 

- 154  000 

D+L+AS  +  T 

-336,000 

D 

L 

AS 

T 

+     4,000 
+  178,000 
-  81,000 
+  163,000 

+384,000 
+  81,000 

-  7,000 

-  24,000 

+  4,000 
-171,000 
-  81,000 
-273,000 

17 

D+L+AS 

+  101,000 
+264,000 

+458,000 
+434,000 

-248,000 
-521,000 

D+L+AS  +  T 

D 

L 

+   11,000 
+347,000 
-112,000 
+226,000 

+384,000 
+  82,000 

-  7,000 

-  23,000 

+  11,000 
-307,000 
-112,000 
-377,000 

AS 

T 

19 

D+L+AS 

D+L+AS  +  T 

+246,000 
+472,000 

+459,000 
+436,000 

-408,000 
-785,000 

D 

L 

AS 

T 

+  43,000 
+453,000 
-129,000 
+261,000 

+  43,000 
-372,000 
- 129,000 
-435,000 

20 

D+L+AS 

+367,000 
+628,000 

—  458  000 

D+L+AS+T 

-893,000 
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Temperature  Temperature 

Section  at  Point  4.  Not  Considered  Considered 

Dimensions  h  X  b, 

27X53 1431  sq.  in.  1431  sq.  in. 

Moment +  187,000  ft.  lbs.  +  281,000  ft.  lbs. 

Thrust +  386,000  lbs.  +  357,000  lbs. 

e 0.48'  =  5.8"  0.79'  =  9.5" 

h/e 4.7  2.8 

R  187,000  X  12    _  ^  Q^^^        281,000  X  12    _  q  ^^q 

fc 53  X  272  X  600        ■  53  X  272  X  780 

d'  2  ^ 

— —  =  0.09  0.09 

h  27 

p  per  face  (Fig.  'S7q) ..  ....  0.27% 

7X0  785 

Use  7  1"  round  bars  in  each  face,  making  p  =  — '- =  0.38%. 

1431 

Section  at  Point  1 7. 
Dimensions,  h  Xh 

39.5  X  53 2094  sq.  in.  2094  sq.  in. 

Moment -  248,000  ft.  lbs.  -  521,000  ft.  lbs. 

Thrust +  458,000  lbs.  +  434,000  lbs. 

e 0.54'  =  6.5"  1.2' =  14.4" 

— 6.1  2.8 

e 

R  248,000  X  12     ^  ^  ^^         521,000  X  12     ^  ^  ^^^ 

/c 53X39.5^X600        "  53X39.52X780 

— _:::L  =  o.06  0.06 

h  39.5 

p  per  face  (Fig.  37g) .  .  ...  0.11% 

This  result  is  satisfactory". 

7X0  785 

Use  7  1"  round  bars  in  each  face,  making  p  =  '- — ^  =  0.26%. 

2094 

Section  at  Point  19. 
Dimensions  h  X  b, 

42.2  X  53 =       2237  sq.  in.  2237  sq.  in. 

Moment -  408,000  ft.  lbs.  -785,000  ft.  lbs. 

Thrust +  459,000  lbs.  +  436,000  lbs. 

e 0.89'  =  10.7"  1.8' =  21.6" 

A 4.0  2.0 

e 
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R  408,000  X  12      _  Q  Qg^      785,000  X  12     _  ^  ^^^ 

/c 53  X  42.2-  X  600         "         53 X42.22 X 780 

^ ~  =  0.06  0.06 

h  42.2 

p  per  face  (Fig.  S7q) .  .  ...  0.39% 

This  result  is  satisfactory. 

11X0  785 
Use  11  1"  round  bars  in  each  face,  making  p  =  '- =  0.39% 

A  comparison  of  the  stresses  at  the  various  sections  indicates,  as  did 
the  preUminary  design,  that  the  rib  should  have  been  made  somewhat 
thimier  in  the  haunches,  thus  effecting  a  saving  in  both  concrete  and  steel 
amounting  to  several  per  cent.  It  will  be  noted  that  the  section  at  Point 
20  was  not  tested  in  the  final  design,  although  it  was  in  the  preliminary 
one. 

The  shear  on  the  section  at  the  cro^vn  is  now  figured,  as  explained 
under  Item  26  We  evidently  have,  alloAving  for  the  fact  that  the  weight 
of  the  rib  itself  is  distributed  rather  than  concentrated, 

Dead  load,  22,800  -  25,400  X  3^  X  K +  16,500 

Live  load,  20,000  (0.500  +  0.331  +  0.187  +  0.081  +  0.019). .  +  22,400 

Total +  38,900 

The  net  section  at  the  crown  is  24"  X  52"  =  1248  sq.  in.,  so  that  the 
unit  shear  is 

38,900       ^,  ,, 

V  =  — =31  lbs.  per  sq.  m. 

1248  ^ 

Since  this  shear  is  low,  and  as  the  arch  rib  follows  the  theoretic  curve, 
it  is  evidently  unnecessary  to  figure  the  unit  shear  at  any  other  point. 
As  an  example  of  the  method  to  be  used  for  other  points,  however,  the 
calculations  for  Point  12  Avill  now  be  given. 

The  dead  load  shear  on  the  left  of  this  point  is  evidently, 

S  =  169,900  X  0.908  -  308,200  X  0.422  -  38,300  X  H  X  K  = 

+  14,500  lbs.; 
while  on  the  right  it  is, 

S  =  116,600  X  0.908  -  308,200  X  0.422  +  38,300  X  3^  X  3^^  = 

-  14,700  lbs. 

The  maximum  positive  five  load  shear  on  the  left  side  of  Point  12  will 
be  obtained  by  loading  all  the  load  points  to  the  right  for  which  the  ratio 

V 

~  at  Point  13  is  greater  than  tan  a  at  Point  12,  or  0.464.     Evidently  we 

must  load  Points  121,  81,  and  41.     We  then  have  for  the  shear,  by  Equa- 
tion 203, 

S  =  20,000  [(0.919  +  0.813  +  0.669)  0.908  -  (0.434  +  0.831  + 

1.175)  0.422] 
=  20,000  (2.19  -  1.03)  =  +23,200  lbs. 
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The  maximum  negative  shear  on  the  right  side  of  Point  12  will  be 

obtained  b}^  loading  all  the  load  points  to  the  left — Points  IQl  and  12Z — 

V 
and  those  to  the  right  for  which  the  ratio  —  at  Point  11  is  less  than  0.464. 

Ho 

We  then  have 

S  =  20,000  [(-0.019  -  0.081  +  0.500  +  0.331  +  0.187  +  0.081  + 

0.019)  0.908 

-(0.120  +  0.434  +  1.322  +  1.175  +  0.831  +  0.434  + 

0.120)  0.422] 

=  20,000  (0.924  -  1.880)  =  -  19,300. 
The  shear  from  arch  shortening  is 

S  =  -  (-8,800  X  0.422)  =  +  3,700. 
The  shear  for  a  50°  fall  of  temperature  is 

S  =  -  (-  29,700  X  0.422)  =  +  12,500, 
and  for  a  30°  rise  of  temperature, 

S  =-.  -~X  12,500  =  -  7,500. 
5 

We  then  have  for  the  maximum  shears  at  Point  12, 

Loading  Positive  Negative 

to  Left  to  Right 

D +  14,500  -  14,700 

L +  23,200  -  19,300 

AS +    3,700  +    3,700 

T +  12,500  -    7,500 

D-\-  L-\-  A  S +  41,400  -  30,300 

D  +  L-\-AS-{-T +  53,900  -  37,800 

The  area  of  the  concrete  at  Point  12  is  33.86"  X  52  net  =  1760  sq.  in. 
The  maximum  unit  shear,  temperature  not  considered,  is,  therefore, 

41,400       ^.  „ 

V  =  — =  24  lbs.  per  sq.  m. : 

1,760 
while  taking  into  account  the  effect  of  temperature,  it  becomes 

53,900       „.  „ 

V  =  — =  31  lbs.  per  sq.  m. 

1,760 

In  a  similar  manner  the  unit  shears  at  Points  8  and  19,  when  the  effect 
of  temperature  is  not  considered,  are  found  to  be  about  23  and  19  pounds 
per  square  inch,  respectively;  while,  when  the  effect  of  temperature  is 
taken  into  account,  the  corresponding  figures  are  33  and  24. 

From  the  above  figures  it  is  evident  that  no  shear  reinforcement  is 
required  at  any  point. 
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The  Calculation  of  Stresses  in  Arch  Abutments  and  Piers 

Approxi7nate  Methods  of  Calculation  for  Abutments  and  Piers  Carrying 

One  Span  Only 

The  approximate  loads  on  the  foundations  of  an  arch  abutment  or 
pier  carrying  one  span  only  can  be  computed  by  means  of  the  formulae 
previously  given  for  the  approximate  calculation  of  stresses  in  arch 
ribs,  \\'ith  a  few  modifications.     The  following  cases  should  be  considered: 

1.  Maximum  negative  moment  at  springing. 

2.  Maximmn  positive  moment  at  springing. 

3.  Full  live  load  on  arch  rib. 

For  a  shallow  abutment,  it  will  be  sufficiently  accurate  to  use  the 
formulae  previously  given  for  the  moments  and  thrusts  at  the  springing 
for  Cases  1  and  2.  For  Case  3,  it  will  be  satisfactory  to  assume  the  mo- 
ment at  the  springing  as  zero;  and  the  corresponding  thrust  can  be  taken 

vl^ 
as  that  under  dead  load  plus  half-live  load,  plus  — —  sec  /S,  p  being  the  live 

16  r 

load  per  lineal  foot  of  rib. 

For  an  abutment  of  considerable  height,  the  thrusts  calculated  as 
just  suggested  are  not  accurate  enough,  either  in  direction  or  magnitude, 
although  the  values  of  the  moments  are  sufficiently  exact.  The  thrusts 
at  the  springing  for  such  an  abutment  should  be  computed  in  the  following 
manner : 

The  value  of  Ho  under  dead  load,  for  an  arch  rib  laid  out  for  dead 
load  only,  is  given  by  Equation  181;  and  the  vertical  component  of  the 
reaction  at  the  springing  is 

Vs  =  Ho  tan  ^.  [Eq.  219] 

The  value  of  Ho  under  dead  load,  for  an  arch  rib  laid  out  for  dead  load 
plus  half -live  load,  is 

/To  =  ^  (u  +  5)  -  ^;  [Eq.  220] 

4;8r  16r 

and  the  value  of  the  vertical  component  of  the  reaction  at  the  springing  is 

V,  =  ^l  {u  +  5)  tan  (3  -  ^.  [Eq.221] 

48  r  4 

The  dead-load  moment  at  the  springing,  for  an  arch  laid  out  for  dead 
load  only,  is  zero;  and  for  an  arch  laid  out  for  dead  load  plus  half -live 
load,  it  is  negative  and  equal  to  one-half  the  difference  between  the  positive 
and  negative  live-load  moments  at  the  springing,  as  found  by  Fig.  37ee — 
or  say,  equal  to  —  0.0023  p  P. 

For  the  maximum  positive  live-load  moment  at  the  springing,  the 
live  load  will  extend  from  the  far  end  of  the  span  to  a  point  some  distance 
past  the  centre,  as  can  ])c  seen  from  Table  S7h.    Assuming  the  load  to 
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extend  over  a  length  of  0.7  I  from  the  far  springing,  that  the  moment  at 
this  latter  point  is  zero  (which  will  not  be  far  wrong),  and  that  the  mo- 
ment at  the  near  springing  is  +  0.025  p  l^,  we  have  as  the  value  of  the 
vertical  component  of  the  reaction  at  the  near  springing 


V.  = 


f^^^^ -0.025 plA  ^  I  =  0.22 pi.  [Eq.  222] 


The  value  of  Ho  can  be  found  by  taking  moments  about  the  crown,  Mg 
being  taken  equal  to  +  0.003  p  P  (determined  from  Table  S7h).  We  then 
have 

/f„=  (0.22  plX^-0.2plX0.1l  +  0.025  pi""  -  0.003  pi')  ^  r 

=  0.112^'.  [Eq.  223] 

r 

For  the  maximum  negative  live-load  moment  at  the  springing,  we  may- 
assume  the  live  load  to  extend  from  the  near  support  to  a  point  about 
0.35  Z  out.  Assuming  the  moment  at  the  near  springing  to  be—  0.02  pl~, 
and  that  at  the  far  one  +  0.012  ?9  Z^  (by  Table  37A),  we  have,  on  taking 
moments  about  the  far  springing, 

Vs  =  (0.35  p  I  X  0.825 1  +  0.02  p  ^^+0.012  p  1-)  ^  1  =  0.32  p  I.  [Eq.  224] 

The  value  of  Ho  can  be  found  by  taking  moments  about  the  near  spring- 
ing, assuming  the  moment  at  the  crown  to  be  —  0.002  p  1-.     We  then  find 

Ho  =  j:!^^^'  -  (0.35  -  0.32) 7>Z^  -  0.02  pi' +  0.002  pp\  ^  r 

=  0.028   — .  [Eq.  225] 

r 

Since  Case  3  will  rarely  be  worse  than  one  of  the  others,  it  will  not 
be  worth  while  to  give  more  exact  formulae  therefor.  The  approximate 
equations  already  presented  are  not  seriously  in  error. 

The  formulae  previously  given  for  the  approximate  calculation  of 
stresses  from  arch  shortening  and  temperature  changes  can  be  used  in 
all  cases.  They  give  the  value  of  H  and  the  positiori  of  the  point  of 
contraflexure,  from  which  the  moments  on  the  base  or  any  other  section 
can  be  computed.  The  stresses  on  the  base  should  be  figured  without 
the  effect  of  temperature  changes,  and  also  when  they  are  included. 

The  calculation  of  stresses  and  moments  on  various  sections  can  be 
done  either  analytically  or  graphically,  the  latter  method  being  usually 
preferable. 

Approximate  Methods  oj  Calculation  for  Piers  Carrying  Two  Spans 

For  a  pier  between  two  arch  ribs  A  and  B,  which  may  or  may  not 
be  identical  in  form,  we  need  to  consider  the  following  cases,  in  order 
to  figure  the  maximum  toe  pressure  on  the  side  toward  rib  A: 
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1.  Maximum  nogative  moment  at  springing  of  rib  A,  and  maximum 

positive  moment  at  springing  of  rib  B. 

2.  Dead  load  only  on  rib  A,  and  full  live  load  on  rib  B. 

3.  Full  live  load  on  both  rib  A  and  rib  B. 

For  determining  the  maximinn  toe  pressures  on  the  side  toward  B,  the 
conditions  of  loading  on  the  two  spans  are  to  be  reversed. 

The  formulte  necessary  for  the  calculation  of  the  above  cases  have 
all  been  stated  previously.  The  formulae  for  Vg  and  Ho  given  for  use 
with  high  abutments  should  be  employed  for  piers,  unless  they  are  unu- 
sually shallow.  Case  1  assumes  the  use  of  two  detached  loadings,  and 
rather  high  pressures  can  be  allowed  for  it.  The  worst  probable  condi- 
tion will  be  a  little  worse  than  Case  2,  or  than  Case  1  with  a  load  on  one 
of  the  spans  only.  The  effect  of  loads  resting  directly  on  the  pier,  and  of 
the  weight  of  the  pier  itself,  must  not  be  forgotten. 

If  it  be  desired  to  test  horizontal  sections  through  the  pier  shaft,  the 
same  three  cases  of  loading  should  be  considered  as  for  figuring  the  foun- 
dation pressures. 

A  vertical  section  through  the  centre  of  the  pier  should  also  be  tested, 
assuming  maximum  negative  moment  acting  at  the  springings  of  both 
arches.  The  depth  of  section  which  ^vill  resist  this  moment  is  uncertain, 
and  wall  vary  somewhat  in  different  cases;  but  it  should  usually  be  taken 
somewhat  greater  than  the  thickness  of  the  arch  rib  at  the  springing. 

In  the  case  of  the  vertical  section  through  the  centre  of  the  pier,  the 
stresses  should  be  figured  both  with  and  without  considering  the  effects 
of  temperature  changes.  If  the  two  spans  are  alike,  arch  shortening  and 
temperature  stresses  will  have  no  effect  upon  the  pressures  on  the  foun- 
dation, or  upon  the  stresses  on  any  horizontal  section  of  the  shaft;  but 
if  the  spans  are  different,  these  effects  will  have  to  be  taken  into  account. 

The  graphical  method  of  finding  the  moments  and  direct  stresses  will 
usually  be  found  preferable  to  the  analytic.  In  applying  the  graphical 
method  for  any  section,  it  will  be  best  to  find  first  the  resultant  dead- 
load  stress,  and  then  combine  therewith  the  hve-load  thrusts  from  the 
arch  ribs.  By  following  this  procedure  the  probable  effects  of  the  various 
live  loadings  can  be  judged  more  easily,  and  hence  the  work  can  be  com- 
pleted with  a  minimum  amount  of  labor. 

It  is  occasionally  desirable  to  determine  to  what  extent  an  arch  rib 
resting  on  a  pier  aids  in  taking  up  the  thrust  produced  by  loads  on  an- 
other rib  resting  on  the  same  pier.  In  order  to  obtain  approximate  for- 
mulae for  this  case,  the  pier  will  be  considered  as  a  vertical  cantilever 
carrying  a  horizontal  load  at  the  arch  springings;  and  it  will  be  assumed 
that  the  springings  of  the  ribs  do  not  r6tate  as  the  top  of  the  pier  deflects. 
These  assumptions  are  on  the  side  of  safety  in  all  cases;  and  except  for 
unusually  flexible  piers  the  error  involved  is  small. 

We  first  assume  that  the  top  of  the  pier  has  deflected  sideways  an 
arbitrary  amount  5,  the  far  ends  of  the  two  arch  ribs  not  moving.     The 
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horizontal  reaction  Hp  developed  by  the  pier  is 

^v  =-^fr^  [Eq.  226] 

in  which  /  is  the  moment  of  inertia  of  the  pier,  and  l^  its  height.  The 
thrust  Hy.  developed  in  either  of  the  arch  ribs  can  be  figured  by  multi- 
plying the  right  hand  member  of  Equation  193  by  -,  and  then  replacing 

L 

CO  t  I  (which  expresses  the  change  of  length  of  the  horizontal  projection 
of  the  rib)  by  5.     We  then  obtain  the  formula, 

8EIo 

Now  suppose  that  we  have  under  consideration  two  ribs  A  and  B,  and 
that  the  rib  A  produces  an  unbalanced  thrust  (say  from  live  load)  of  H  on 
the  pier  between  ribs  A  and  B.  If  now  we  assign  to  the  top  of  the  pier  an 
arbitrary  deflection  8,  and  let  Ha  and  Hb  be  the  thrusts  produced  thereby 
in  the  two  ribs,  and  Hp  that  on  the  pier,  the  total  horizontal  thrust  de- 
veloped is  evidently  Hp  +  H^.  +  Hb-     The  amount  of  thrust  produced  on 

TT 

the  pier  by  the  actual  thrust  H  of  rib^  is  evidently  equal  to  H— —     /     „   ; 

Hp-\-nA-\-HB 

Hb 
and  the  corresponding  amount  developed  in  rib  B  is  H  — — ; — — — ; — 77-. 

Hp  +  Ha  -j-  Hb 

TT 

A  tensile  thrust  of  H  — — ; — z^- — ; — 77-  is  produced  in  rib  A  itself,  which 
Hp  +  Ha+  Hb 

causes  therein  stresses  similar  to  those  from  arch  shortening  or  fall  of 
temperature. 

Should  the  pier  and  the  adjoining  rib  at  the  far  end  of  rib  A  be  prac- 
tically identical  with  those  at  the  point  under  consideration,  Ha  in  each 
of  the  above  expressions  is  to  be  replaced  by  2  Ha  ',  for  a  similar  move- 
ment 5  will  take  place  at  the  far  end  of  the  rib.  Should,  however,  the 
pier  and  adjoining  rib  at  the  far  end  be  different,  so  that  the  assignment 
of  the  movement  5  at  this  point  produces  thrusts  H'p  and  H'b  in  the  pier 

Hb 

and  rib,  the  thrust  on  the  rib  B  will  be  H z „    ,  „    \  ; 

Hp+  Hb  +  Ha\^+^,    ,^,  ) 

TT 

that  on  the  pier  next  to  rib  B  will  he  H  ^  —  ' 


and  that  on  the  rib  A  will  be  H 


Hp  +  Hb  +  Ha^I  +  JiT^J^^J 

Hp  +  H, 
H',  +  H' 


H'p-\-H'b' 


H,  +  H,  +  H,  ((1  +§f^) 
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Wlieii  Wp  equals  Hp  and  H'u  equals  Hb,  the  coefficient  of  H^  becomes 
2,  which  agrees  with  the  statement  previously  made  concerning  the  values 
obtained  when  the  piers  and  adjoining  ribs  at  the  two  ends  are  alike. 

In  most  cases  it  will  be  found  that  Hp  is  so  large  as  compared  with 
Ha  and  Hb  that  only  a  small  amount  of  thrust  is  supplied  by  the  ad- 
joining rib.  The  piers  can  sometimes  be  made  somewhat  light,  so  that 
this  statement  does  not  hold ;  but  in  this  case  the  value  of  H^  ^vill  usually 
be  large  enough  to  set  up  rather  high  stresses  in  the  rib  in  question.  In 
general,  therefore,  the  pier  should  be  made  stiff  enough  to  take  practically 
the  entire  thrust. 

Exact  Methods  of  Calculation 

The  same  cases  of  loading  as  were  given  for  the  approximate  design 
of  arch  abutments  and  piers  can  also  be  employed  for  the  final  design, 
using,  of  course,  the  exact  values  of  the  moments  and  thrusts  at  the 
springing.  Except  for  shallow  abutments,  however,  this  method  is  hardly 
satisfactory;   and  the  following  procedure  should  generally  be  adopted. 

The  pier  or  abutment  is  first  laid  out  to  scale.  The  dead-load  thrust 
at  the  springing  (or  springings)  is  then  plotted,  and  combined  with  the 
weight  of  the  portion  of  the  pier  above  it.  If  there  be  any  dead-load 
moment  at  the  springing,  the  dead-load  thrust  will,  of  course,  not  pass 
exactly  through  the  springing  point.  Next  there  are  drawn  reaction  lines 
for  unit  loads  at  each  load  point  of  the  arch.  These  can  be  laid  out 
directly,  since  we  know  for  each  load  the  value  of  the  horizontal  thrust, 
the  moment  at  the  springing,  and  the  vertical  component  of  the  thrust. 
By  means  of  these  lines  it  is  possible  to  determine  by  inspection  what 
load  points  are  to  be  loaded  in  order  to  produce  the  maximum  stresses 
at  any  given  section  of  the  pier.  Such  sections  are  then  tested  as  may 
seem  advisable.  The  live-load  thrusts  and  moments  on  any  section  can 
be  figured  most  easily  by  means  of  the  reaction  lines. 

The  sections  to  be  tested  have  already  been  discussed  in  connection 
with  the  approximate  calculations,  and  no  further  mention  thereof  is 
necessary  here. 

Fig.  ?nkk  shows  the  reaction  lines  for  the  abutment  of  the  arch  the 
design  of  which  has  already  been  given  in  this  chapter;  and  Fig.  ^lll  is  a 
similar  diagram  for  a  pier  supporting  two  equal  arch  ribs  of  one  hundred 
and  thirty-six  (136)  feet  span  and  twenty-one  (21)  feet  rise.  The  reaction 
lines  in  the  latter  figure  are  drawni  for  one  rib  only,  since  the  two  spans 
are  alike.  In  the  case  of  the  abutment  shown  in  Fig.  2>'7kk,  it  was  found 
necessary  to  compute  the  maximum  pressures  on  both  the  front  and  the 
rear  toes,  and  also  the  moment  on  a  vertical  section  through  the  footing 
at  about  the  centre.  For  the  pier  in  Fig.  Zlll  the  following  sections 
were  tested: 

1.  A  vertical  section  through  the  centre  of  the  pier,  assuming  the 
stresses  to  be  resisted  by  a  section  five  (5)  feet  thick.     (The  arch 
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ribs  were  four  (4)  feet  thick  at  the  springing.)  This  was  figured 
for  the  maximum  negative  moment  at  the  springings  of  the  two 
arches,  including  the  effects  of  arch  shortening  and  fall  of 
temperature. 
Horizontal  sections  of  the  shaft  at  the  bottom  of  the  coping  and 
at  the  bottom  of  the  shaft.     These  sections  were  not  affected  by 
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Fig.  37/cA;.     Reaction  Lines  for  an  Arch  Abutment. 


temperature  changes  or  arch  shortening,  since  the  two  arches 
were  identical  in  form. 
3.  The  base  of  the  pier.     The  pressures  here  were  also  unaffected  by 
arch  shortening  and  changes  of  temperature.     The  theoretic  max- 
imum pressure  required  the  use  of  two  detached  loadings,  one 
about  twenty  (20)  feet  long,  the  other  about  one  hundred  and 
fifteen  (115)  feet  long.     Since  this  condition  was  highly  improb- 
able, the  effect  of  the  load  twenty  feet  long  was  ignored. 
When  it  is  desired  to  take  into  account  the  action  of  one  rib  resting 
on  a  pier  in  overcoming  a  portion  of  the  thrust  from  another  rib  on  the 
same  pier,  the  approximate  method  previously  outlined  can  frequently 
be  used.     Equation  227  is,  however,  to  be  replaced  by  the  more  exact 
expression, 

/d  s 
— 

H.  = ^^. ^^r-; ■    .     ,    .  ,_ r—:r^  ■  [Eq  228] 
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Fig.  37ZL     Reaction  Lines  for  a  Pier  Carrying  Two  Equal  Arch  Spans. 
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This  latter  formula  is  derived  from  Equation  212  by  replacing  co  1 1 
by  5.  The  use  of  the  approximate  method  is  advisable  even  when  the 
values  of  the  thrusts  found  thereby  are  considerably  in  error,  since  the 
problem  is  statically  indeterminate,  and  large  variations  from  ideal  condi- 
tions are  likely  to  occur.  Furthermore,  a  considerable  error  in  the  values 
of  the  thrusts  will  ordinarily  produce  very  small  errors  in  the  founda- 
tion pressures  As  before  stated,  the  approximate  method  errs  on  the 
side  of  safety.  For  comparatively  flexible  piers,  it  will  be  best  to  use 
more  exact  methods  of  calculation.  In  such  a  case,  the  stresses  in  the 
rib  which  is  producing  the  unbalanced  thrust  should  be  carefully  figured, 
as  rather  high  values  are  likely  to  be  caused  by  the  deflections  of  the 
piers.  Exact  methods  of  analysis  for  elastic  piers  are  to  be  found  in 
Part  III  of  Hool's  "Reinforced  Concrete  Construction." 

The  Designing  of  Slabs 

The  calculation  of  stresses  in  continuous  slabs  and  in  slabs  reinforced 
in  two  directions  has  already  been  discussed  in  this  chapter,  as  has  also 
the  question  of  the  distribution  of  concentrated  loads  over  slabs;  so 
that  no  further  treatment  of  the  subject  of  the  calculation  of  stresses  is 
required.  The  design  of  a  slab  to  suit  any  given  bending  moment  can 
be  made  most  easily  by  the  use  of  Figs.  376  and  37c;  and  the  unit  shear 
and  unit  bond  stresses  can  be  found  by  means  of  Formulae  125  and  126. 
The  "Specifications  for  Design"  on  page  953  et  seg.  give  the  loads  and 
the  unit  stresses  which  are  to  be  employed;  and  they  also  cover  certain 
features  of  both  designing  and  detailing. 

The  depth  of  a  slab  designed  for  uniform  loads  only  will  be  determined 
by  the  bending  moment,  as  the  unit  shear  will  be  low.  When  a  slab 
carries  concentrated  loads,  either  the  moment  or  the  shear  may  govern, 
and  both  should  be  considered. 

The  type  of  slab  most  frequently  used  is  continuous  over  the  supports 
except  at  expansion  points,  where  it  is  freely  supported.  In  such  slabs, 
the  same  amount  of  steel  should  be  used  at  mid-span  and  over  the  sup- 
ports. Several  arrangements  of  the  reinforcement  are  possible.  One 
form  which  has  been  adopted  largely  in  the  author's  practice  is  shown 
in  Fig.  37mm.  The  arrangement  of  these  bars  in  plan  follows  the  order 
1,2,3,  1,2,3,  1,  etc.,  the  bar  4  being  placed  over  bar  1.     The  bars  1,  2,  and 

3  in  the  bottom  really  lie  in  the  same  plane,  as  do  also  the  bars  2,  3,  and 

4  in  the  top;  but  it  was  necessary  to  separate  them  in  making  the  sketch 
for  the  sake  of  clearness.  The  approximate  positions  of  the  points  at 
which  the  bars  2  and  3  are  to  be  bent  are  given;  and  these  apply  both  to 
uniform  and  to  concentrated  loads.  The  laps  in  bars  1  can  be  short — 
say  12";  but  those  in  bars  2  and  3  should  be  40  diameters  of  the  bar 
for  deformed  bars,  and  50  diameters  for  plain  bars.  Bar  4  has  sometimes 
been  made  continuous,  like  bar  1,  to  prevent  temperature  cracks.     This 
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is  hardly  worth  wliilo,  except  in  very  thick  t;labs  having  their  top  surfaces 
exposed,  especially  as  it  makes  walking  around  on  the  steel  during  con- 
struction difficult.  At  an  (wpansion  joint  bars  1  and  2  should  be  run 
to  the  end  as  shown.  Bar  3  should  be  bent  up  as  indicated  if  the  shear 
is  high,  or  stopped  a  short  distance  beyond  the  point  noted  for  bending 
up  if  the  shear  is  low.  There  should  be  transverse  bars  at  the  points 
indicated,  to  which  every  main  bar  should  be  wired  or  fastened  by  cHps. 
In  the  centre  portion  of  the  slab  these  transverse  bars  should  be  placed 
from  12  inches  to  18  inches  apart  in  the  bottom  of  the  slab,  unless,  of 
course,  more  are  required  by  the  calculations.  The  transverse  bars  will 
usualh^  be  three-eighths  0^)  of  an  inch  in  diameter;  but  if  the  main 
bars  are  three-quarters  (3^  of  an  inch  in  diameter,  the  transverse  bars 
should  be  one-half  (3/^)  inch. 

The  total  weight  of  the  steel  required  in  the  longitudinal  reinforce- 
ment of  the  above  type  per  lineal  foot  is  about  thirty-five  (35)  per  cent 
more  than  the  weight  per  lineal  foot  at  the  centre  of  each  panel,  allow- 
ing for  laps  and  bends.  This  assumes  each  bar  to  be  about  three  panels 
long.  The  weight  of  the  transverse  distribution  steel  per  lineal  foot  of 
span,  in  slabs  reinforced  in  one  direction  only,  will  be  from  fifteen  (15) 
to  thirty  (30)  per  cent  of  the  weight  per  lineal  foot  of  the  longitudinal 
reinforcement  at  the  centre  of  the  panel,  the  smaller  value  holding  for 
slabs  about  one  (1)  foot  thick,  and  the  larger  one  for  slabs  only  half  as 
thick. 

A  very  simple  form  of  reinforcement  is  shown  in  Fig.  Sinn.  It  should 
be  used  only  when  the  shearing  stresses  are  low;  and  it  is,  therefore,  of 
limited  application.  The  transverse  steel  should  be  arranged  about  as 
indicated,  miless  more  be  required  by  the  calculations.  The  total  w^eight 
per  lineal  foot  of  the  main  reinforcement  for  this  type  is  about  forty 
(40)  per  cent  greater  than  the  weight  per  lineal  foot  provided  at  the 
centre  of  the  panel;  and  the  weight  of  the  transverse  reinforcement  per 
lineal  foot  of  span,  when  used  for  distribution  steel  onl}',  will  be  from 
fifteen  (15)  to  thirty  (30)  per  cent  of  the  said  quantity.  In  addition 
a  considerable  amount  of  steel  in  the  form  of  chairs  or  spiders  will  be 
needed  to  support  the  top  reinforcement. 

The  t}T)e  of  reinforcement  shown  in  Fig.  37oo  can  also  be  used  to 
advantage.  It  consists  of  one  row  of  Bars  "1,"  one  row  of  Bars  "2," 
one  row  of  Bars  "3,"  one  row  of  Bars  "4,"  one  row  of  Bars  "1,"  etc.  It 
^^^il  be  noted  that  all  of  these  bars  are  alike — except  at  expansion  points 
— Bars  "1"  and  "3"  being  turned  in  one  direction,  and  Bars  "2"  and 
"4"  in  the  other.  The  total  weight  of  the  steel  in  the  main  reinforce- 
ment per  lineal  foot  will  be  about  thirty-five  (35)  per  cent  greater  than 
the  weight  per  lineal  foot  at  the  middle  of  the  panel;  while  the  amount 
of  the  transverse  reinforcement,  when  used  as  distributing  steel  only, 
will  be  from  fifteen  (15)  to  thirty  (30)  per  cent  of  the  same  quantity. 

The  details  of  slabs  of  various  types  are  well  illustrated  in  the  before- 
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mentioned  article  by  Mr.  Howard  in  the  Proc.  Am.  Soc.  C.  E.  for  May, 
1915. 

In  the  case  of  slabs  reinforced  in  two  directions  and  carrying  uniform 
loads,  the  rods  in  each  direction  should  be  spaced  uniformly  for  the  centre 
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Fig.  37ren. 


Fig.  37oo. 
Arrangements  of  Slab  Reinforcement. 

half  of  the  slab;  but  near  the  edges  the  spacing  may  be  increased  to 
double  that  adopted  in  the  centre  portion.  For  such  slabs  which  carry 
concentrated  loading,  the  minimum  spacing  must  be  maintained  for  a 
width  somewhat  greater  than  that  over  which  the  load  is  assumed  to  dis- 
tribute, a^d  for  at  least  two-thirds  of  the  width  of  the  slab.  The  spacing 
near  the  edges  can  be  increased  to  double  the  minimum. 
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In  the  case  of  slabs  which  are  reinforced  in  one  direction  only,  but 
are  supported  on  all  four  sides,  it  will  be  proper  to  increase  the  spacing 
of  the  main  reinforcement  near  the  side  supports.  If  the  slab  should  be 
continuous  or  partly  fixed  at  tlie  said  side  supports,  transverse  bars  may 
be  needed  in  the  top  of  the  slab  at  these  points  to  prevent  cracking.  The 
area  of  this  transverse  steel  should  be  about  one-third  of  that  of  the 
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Fig.  37pp.     Expansion  Plates  for  Slabs. 


longitudinal  steel;  and  it  should  extend  from  the  support  a  distance  of 
about  one-third  of  the  span  length  longitudinally  of  the  structure. 

At  expansion  joints  it  will  be  best  to  attach  a  steel  plate  to  the  under 
side  of  the  slab  and  let  it  slide  on  a  similar  plate  resting  on  the  cross  girder 
or  other  support.  These  plates  should  be  efficiently  anchored  into  the 
concrete.  A  detail  which  has  been  found  very  satisfactory  for  this  pur- 
pose is  shown  in  Fig.  37pp.  In  case  the  plates  do  not  extend  for  the 
•"uU  width  of  the  support,  as  in  Fig.  STpjj,  tar  paper  should  be  used  as 
there  indicated. 

The  expaasion  joint  should  have  an  opening  about  1  inch  wide  through- 
out, and  should  be  filled  with  pure  asphalt.  Care  should  be  taken  in  the 
detailing  of  expansion  joints  to  see  that  all  forms  can  be  removed  after 
the  concrete  has  been  poured.  Tar  paper,  when  used,  is  to  be  left 
in  place. 

The  waterproofing  of  slabs  has  been  discussed  in  Chapter  XIX.  Es- 
pecial care  is  necessary  at  expansion  joints,  as  the  seepage  of  water  through 
the  floor  is  likely  to  discolor  the  concrete.  Frequently,  it  will  be  advis- 
able to  provide  small  drain  pipes  to  carry  away  any  water  that  may  collect 
in  the  expansion  joints. 
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Construction  joints  in  a  slab  should  be  made  at  an  expansion  joint 
or  in  the  centre  of  a  panel.  Where  the  slab  is  of  sufficient  thickness, 
a  tongue-and-groove  joint  should  be  provided. 

A  slab  should  always  rest  on  top  of  a  girder  whenever  possible.  If  it 
should  be  found  necessary  to  place  the  supporting  girder  above  the  slab, 
vertical  stirrups,  well  bonded  into  both  the  slab  and  the  girder,  must  be 
used  to  carry  the  entire  load  of  the  said  slab. 

The  Designing  of  Cantilever  Beams  and  Cross-Girders 

Cantilever  beams  in  reinforced  concrete  construction  are  nearly  always 
of  varying  depth,  being  much  deeper  at  the  supports  than  at  the  outer 
ends.  The  critical  section  for  bending  moment  will  ordinarily  be  at  the 
edge  of  the  support;  but  in  large  beams  it  will  be  necessary  to  figure  the 
moments  at  other  sections  as  well,  in  order  to  determine  the  points  for 
stopping  some  of  the  bars.  If  the  load  on  the  cantilever  is  uniformly 
distributed  along  its  length,  the  maximum  unit  shear  will  occur  at  the 
support,  and  the  maximum  diagonal  tension  is  to  be  figured  on  a  section 
located  at  a  distance  equal  to  half  the  depth  of  the  cantilever  at  the  sup- 
port from  the  edge  of  the  latter;  but  if  there  is  a  concentration  at  the 
outer  end — as  from  a  fascia  girder  and  handrail — the  critical  section  for 
shear  may  be  just  inside  of  the  said  concentration. 

The  design  of  a  cantilever  for  bending  moment  can  be  best  accomplished 
by  means  of  Fig.  37 j.  The  unit  shear  and  unit  bond  stress  can  be  figured 
by  means  of  Equation  139  .and  the  accompanying  instructions.  Shear 
reinforcement,  if  required,  can  be  designed  by  means  of  Fig.  37r.  The 
unit  stresses  to  be  employed  can  be  taken  from  the  "Specifications  for 
Design"  given  on  page  953  et  seq.,  as  can  also  the  minimum  spacings. 
and  edge  distances  of  the  bars. 

As  a  cantilever  is  a  conspicuous  member  of  a  bridge,  its  dimensions 
are  frequently  determined  by  the  requirements  of  aesthetics,  rather  than 
those  of  strength.  When  employed  to  support  the  outer  portions  of  a 
roadway — their  ordinary  use — those  over  the  piers  may  be  quite  heavy. 
The  intermediate  ones  will  generally  be  twelve  (12)  inches  or  fifteen  (15) 
inches  thick.  The  bottom  line  is  usually  made  a  flat  curve,  although  some- 
times it  is  laid  out  straight,  while  in  other  cases  it  is  curved  sharply. 
The  latter  detail  gives  the  best  appearance;  but  it  requires  the  cantilever 
to  be  rather  deep,  and  in  many  structures  it  cannot  well  be  used  for  this 
reason. 

The  reinforcement  is  simple,  ordinarily  consisting  of  straight  bars  in 
the  top  which  pass  over  the  support  and  extend  into  the  construction 
beyond.  Some  of  the  bars  should  rim  to  the  outer  end  of  the  beam;  but 
others  are  usually  stopped  off,  if  the  unit  shear  is  low,  or  are  bent  down 
to  serve  as  shear  reinforcement  if  any  be  needed.  Vertical  stirrups,  when 
required,  should  pass  around  the  top  steel  and  have  hooks  at  their  lower 
ends.     The  use  of  steel  in  the  compression  side  is  unnecessary.     The  top 
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steel  is  frequently  placed  near  the  top  of  the  slab  which  the  cantilever 
supports;  but  this  should  not  be  done  unless  the  slab  and  cantilever 
are  to  be  poured  at  one  operation. 

The  most  usual  type  of  cross-girder  is  a  beam  of  nearly  constant 
depth,  supported  at  its  ends  on  girders  or  columns.  It  is  nearly  always 
monolithic  with  the  said  girders  or  columns,  so  that  its  ends  are  partly 
restrained;  and  very  frequently  it  is  continuous  with  a  cantilever  beam 
at  each  end.  For  the  calculation  of  stresses  in  the  cross-girder  from 
loads  on  the  cross-girder  and  cantilevers,  it  will  generally  be  best  to  con- 
sider it  as  freely  supported  on  the  columns  or  girders.  If  it  be  desired 
to  figure  the  wind  stresses  in  a  bent  composed  of  a  cross-girder  and  two 
columns,  the  cross-girder  and  columns  should  be  considered  continuous. 
The  moments  in  the  cross-girder  should  be  figured  for  three  cases  of 
loading,  viz.: 

1.  Dead  load  on  cross-girder  and  cantilevers. 

2.  Live  load  on  cross-girder. 

3.  Live  load  on  both  cantilevers. 

Moment  curves  for  the  maximum  positive  and  maximum  negative  mo- 
ments should  then  be  drawn.  The  maximum  shear  should  be  figured  on 
a  section  located  at  a  distance  equal  to  half  the  depth  of  the  cross-girder 
from  the  edge  of  the  support,  with  live  load  on  the  cross-girder  and  the 
adjacent  cantilever. 

The  cross-girder  can  be  designed  as  a  T-beam  if  it  and  the  slab  are 
to  be  poured  at  one  operation,  otherwise  as  a  rectangular  beam.  Figs. 
S7h  and  37/i'  can  be  used  in  the  first  case,  and  Fig.  376  in  the  second.  The 
unit  shearing  and  unit  bond  stresses  can  be  computed  by  means  of  Equa- 
tions 125  and  126  in  either  case,  replacing  b  by  b'  if  the  cross-girder  be  con- 
sidered a  T-beam.  Shear  reinforcement,  if  required,  can  be  designed 
by  means  of  Fig.  37r.  It  will  usually  be  needed.  The  unit  stresses  to 
be  employed  are  given  in  the  "Specifications  for  Design"  in  this  chapter, 
as  are  also  the  minimum  spacings  and  edge  distances  of  the  reinforcing 
bars. 

The  bottom  reinforcement  for  a  cross-girder  of  the  above  type  will 
consist  of  one  or  two  layers  of  bars.  Part  of  them  will  run  the  full  length, 
while  others  will  be  bent  up  to  serve  as  shear  reinforcement.  The  top 
reinforcement  will  usually  be  made  by  extending  the  reinforcement  from 
the  cantilevers  over  into  the  cross-girder.  Part  of  it  should  be  carried 
throughout  the  top  of  the  cross-girder,  and  the  rest  of  it  bent  down  to 
serve  as  shear  reinforcement.  It  will  generally  be  found  possible  to  use 
some  of  these  latter  bars  for  the  bottom  reinforcement.  If  stirrups  are 
needed  for  shear  reinforcement,  they  should  pass  around  the  top  steel, 
and  be  hooked  around  the  lower  steel;  while  if  they  are  used  merely  to 
support  the  lower  steel,  they  should  pass  around  it,  and  bend  outward 
at  the  top  so  that  the  ends  rest  on  the  forms  for  the  slabs. 

Another  type  of  cross-girder  frequently  used  is  similar  to  the  above, 
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but  has  no  cantilevers  at  the  ends.  It  should  be  designed  as  a  simply- 
supported  beam,  unless  it  is  carried  on  excessively  heavy  columns  which 
will  make  it  nearly  fixed  at  the  ends.  The  designing  and  detailing  will  be 
similar  to  that  for  the  cross-girder  with  cantilevers,  except  that  the  top 
reinforcement  will  not  be  required,  unless  the  ends  are  nearly  fixed  by  the 
columns;   and  the  stirrups  must  in  all  cases  pass  around  the  bottom  steel. 

If  there  are  three  or  more  lines  of  main  girders  or  columns,  the  cross- 
girders  should  be  made  continuous  over  the  intermediate  ones  and  the 
stresses  figured  accordingly,  taking  due  account  of  the  moments  from 
the  cantilevers,  if  there  be  any.  It  will  usually  be  necessary  to  make 
exact  calculations  for  the  moments,  as  the  use  of  standard  coefficients 
may  give  results  too  greatly  in  error.  Curves  for  maximum  positive 
and  negative  moments  should  be  drawn,  and  steel  should  be  provided 
as  required.  The  designing  of  steel  in  continuous  girders  is  discussed 
in  the  next  section  of  this  chapter. 

The  subject  of  stresses  in  cross-girders  caused  by  the  stiffness  of  col- 
umns or  by  wind  will  be  discussed  in  connection  with  the  columns,  as  it  is 
usually  these  rather  than  the  cross-girders  that  are  affected  by  such  stresses. 
In  most  cases  no  special  reinforcement  will  be  required  in  the  cross-girders. 

The  details  of  several  different  forms  of  cantilevers  and  cross-girders 
are  well  illustrated  in  Mr.  Howard's  paper  on  the  Twelfth  Street  Traffic- 
way  Viaduct  at  Kansas  City.  On  one  span  of  this  structure  it  was  nec- 
essary to  keep  the  total  thickness  of  the  floor  of  the  lower  deck  down 
to  two  (2)  feet,  although  the  longitudinal  girders  were  spaced  thirty-six 
(36)  feet  on  centres.  The  problem  was  solved  by  the  use  of  shallow 
steel  cross-girders  (not  illustrated  in  Mr.  Howard's  paper)  encased  in 
concrete.  These  were  spaced  six  (6)  feet  apart,  and  carried  a  special 
thin  slab.  Special  structural  steel  brackets  were  used  at  the  ends  to 
deliver  their  loads  to  the  main  girders,  which  were  through-girders. 

The  Designing  of  Main  Girders 

Main  girders  in  reinforced-concrete  bridges  are  usually  continuous 
over  the  supports  except  at  expansion  joints,  where  they  are  simply  sup- 
ported, these  joints  in  most  cases  being  located  at  every  third  or  fourth 
support.  The  methods  of  calculating  moments  and  shears  in  such  girders 
have  already  been  treated,  and  no  further  explanations  are  necessary  here. 

The  design  of  any  section  of  a  girder  to  suit  a  given  bending  moment 
can  be  accomplished  by  means  of  formulse  and  diagrams  already  given. 
The  section  at  a  support  must  be  proportioned  as  a  rectangular  beam, 
for  wliich  purpose  Fig.  376  can  be  employed.  The  section  at  the  centre 
of  a  span  can  be  designed  in  the  same  manner;  but  if  the  girder  carries 
a  slab  which  is  to  be  poured  simultaneously  with  it,  T-beam  action  can 
be  assumed,  and  Fig.  37//.  or  Fig.  37/t'  employed.  The  bottom  flanges  of 
girders  are  frequently  arched  for  aesthetic  reasons;  and  when  the  amount 
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of  curvature  is  large,  it  will  be  best  to  use  Fig.  37j  for  rectangular  oeams  of 
varying  depth  in  designing  the  sections  at  the  supports. 

Shearing  stresses  in  main  girders  are  important,  and  frequently  deter- 
mine the  dimensions  thereof.  As  previously  explained,  the  vertical  sec- 
tion at  the  edge  of  a  support  on  which  a  girder  is  simply  supported  is 
to  be  figured  for  diagonal  tension;  but  a  similar  section  at  the  edge  of  a 
support  over  which  a  girder  is  continuous  is  to  be  designed  for  pure  shear 
only,  the  critical  section  for  diagonal  tension  being  considered  to  be  lo- 
cated at  a  distance  equal  to  half  the  depth  of  the  girder  from  the  edge  of 
the  support.  If  the  bottom  surface  of  the  girder  is  nearly  horizontal, 
Equations  125  and  126  are  to  be  employed,  substituting  b'  for  h  if  the 
girder  is  considered  to  be  a  T-beam.  If  the  bottom  surface  is  inchned 
considerably,  Equation  139  should  be  used. 

In  figuring  the  unit  bond  stresses.  Equation  126  evidently  applies  di- 
rectly only  to  girders  in  which  all  rods  are  straight  and  extend  over  the  full 
length  of  the  girder.  In  the  case  of  girders  having  some  of  the  bars  bent 
up  or  stopped  off,  the  allowable  bond  stress  will  theoretically  never  be 
exceeded  if  all  bars  extend  past  any  section  at  which  they  are  needed  far 
enough  to  be  fully  developed  at  the  said  section.  However,  it  has  been 
found  b}'  tests  that  if  bars  are  stopped  at  a  point  where  the  steel  stresses 
are  high,  excessive  bond  stresses  and  a  tendency  to  slippage  occur;  so 
that  ordinarily  they  should  be  bent  up  into  the  shear  region  rather  than 
stopped  off. 

The  "Specifications  for  Design"  on  page  953  et  seq.  give  the  unit 
stresses  to  be  employed,  and  also  cover  such  points  as  the  permissible 
spacing  of  bars,  edge-distances,  etc. 

The  arrangement  of  the  reinforcement  in  continuous  girders  requires 
considerable  care.  In  order  to  do  this  to  the  best  advantage,  curves  of 
maximum  positive  and  negative  moments  in.  each  span  should  first  be 
drawn.  The  amount  of  steel  required  at  the  centre  of  each  span  and 
over  each  support  should  then  be  computed,  and  from  this  the  size, 
number,  and  arrangement  of  the  bars  at  each  of  these  sections  should 
be  determined.  The  side  elevation  of  the  girder  should  then  be  laid  out 
to  scale,  and  the  points  for  the  bending  up  of  the  various  bars  determined 
by  means  of  the  moment  diagram.  Bars  bent  up  from  the  bottom  rein- 
forcement should  be  used  in  the  reinforcement  over  the  supports  as  far 
as  possible;  and  they  should  be  arranged  so  as  to  reinforce  for  diagonal 
tension  in  the  most  effective  manner.  Bars  should  be  extended  some 
distance  past  the  points  where  they  could  theoretically  stop,  in  order  to 
ensure  that  the  bond  stresses  will  be  low.  This  procedure  will  also  keep 
the  unit  stresses  in  the  steel  low,  which  will  strengthen  the  girder  con- 
siderably in  diagonal  tension. 

When  stirrups  are  required  as  web  reinforcement,  those  in  the  central 
portion  of  the  girder  should  be  of  the  type  showii  in  Fig.  37 tt;  while  those 
in  the  end  portions,  where  the  moment  is  negative,  should  be  similar 
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but  inverted.  When  stirrups  are  not  needed  as  web  reinforcement,  it 
will  still  be  best  to  use  them  spaced  about  three  (3)  or  four  (4)  feet  cen- 
tres, in  order  to  support  the  bottom  steel.  They  should  be  of  the  type 
shown  in  Fig.  37tt.  Stirrup  bars  in  light  girders  should  be  %  inch  in 
diameter,  and  in  heavy  girders  3^  inch. 

To  illustrate  the  method  of  designing  the  reinforcement  of  a  contin- 
uous girder,  the  calculations  for  the  three-span  girder  shown  in  Fig.  S7qq 
will  now  be  given  in  detail. 

The  girders  in  the  three  spans  will  be  assumed  to  be  of  the  same  thick- 
ness and  depth,  so  that  the  moment  of  inertia  will  be  constant  throughout. 
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Fig.  Zlqq.     Sketch  of  a  Three-Span  Continuous  Girder. 


The  panel  lengths  of  the  floor-system  will  be  assumed  to  be  so  short  that 
the  entire  load  can  be  considered  uniformly  distributed  without  introduc- 
ing any  error  of  importance. 

The  moment  coefficients  for  M\  and  ilfo  are  determined  by  means  of 


Fig.  37t;.      Entering  first  with  C\ 


— r  =  1,    and  C3  =  TK  =  0.8,  we  find 
50  50 


Mi=  -  0.067  ivi  li"  -  0.048  w^  k''  +  0.015  ws  U\ 
Again,  letting  Ci  =  0.8,  and  Cs  =  1.0,  we  have 

M2  =  0.019  wi  Zi2  -  0.056  W2  h^  -  0.060  w,  h\ 
Substituting  the  values  of  li,  k,  and  ^3  in  these  expressions,  we  find 

Ml  =  -  167  wi  -  120  W2  +  24  Ws, 
and  M2  =         47  wi  —  140  W2  —  96  W3. 

We  next  figure  the  moment  at  the  centre  of  each  span,  assuming  it  to  be 
simply  supported,  and  obtain  the  values, 

M'l  =  }4X  502  xwi  =  SlSwi, 

M'2  =  313  W2, 

and  M'3  =  H  X  402  X  Ws  =  200  W:^. 

The  dead  load  per  lineal  foot  of  girder  will  be  taken  as  15,000  pounds, 
and  the  live  load  7,000  pounds.  We  have,  therefore,  the  following 
moments : 

Dead  Load, 

Ml  =  15,000  (-  167  -  120  +  24)  =  -  3,950,000  ft.  lbs. 

M2  =  15,000  (47  -  140  -  95)  =  -  2,840,000  "     " 

M\  =  15,000  X  313  =  +  4,700,000  "     " 

M'2  =  15,000  X  313  =  -F  4,700,000  "     " 

M'3  =  15,000  X  200  =  -f-  3,000,000  "    " 
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Live  load  on  span  Ii, 

Ml  =  -  167  X  7000  =  -  1,170,000  ft.  lbs. 

Ma  =  47  X  7000  =  +     330,000  "     " 

M'l  =  313  X  7000  =  +  2,190,000  "  " 
Live  load  on  span  k, 

Ml  =  -  120  X  7000  =  -     840,000  ft.  lbs. 

Mo  =  -  140  X  7000  =  -     980,000  "    " 

M'a  =  313  X  7000  =  +  2,190,000  "  " 
Live  load  on  span  k, 

Ml  =         24  X  7000  =  +     170,000  ft.  lbs. 

Ma  =  -    96  X  7000  =  -     670,000  "     " 

M'a  =       200  X  7000  =  +  1,400,000  "     " 

We  then  proceed  to  plot  the  moment  diagrams.  For  span  li,  the  maxi- 
mum positive  moment  occurs  with  live  load  on  spans  li  and  k.  Under 
these  conditions,  we  have 

Ml  =  -  3,950,000  -  1,170,000  +  170,000    =  -  4,950,000  ft.  lbs. 
and  M'l  =       4,700,000  +  2,190,000  =+6,890,000"    " 

The  three  spans  are  then  laid  off  to  some  convenient  scale,  as  in  Fig. 
37rr.  We  next  lay  off  a  lino  vertically  upward  at  Ri,  representing  the 
moment  4,950,000  foot  pounds  to  any  desired  scale.  The  moment 
in  the  span  ^i,  due  to  the  moment  Mi  acting  at  Ri,  varies  uniformly  from 
—  4,950,000  at  Ri  to  zero  at  Rg,  and  is,  therefore,  represented  by  a 
straight  line.  The  combined  effect  of  the  moment  Mi  and  the  load  on 
the  span  h  can  be  found  by  plotting  the  parabola  of  moments  from  the 
said  straight  line  as  a  reference  line  rather  than  from  the  horizontal  line, 
making  the  mid-ordinate  6,890,000  foot  pounds.  The  ordinates  between 
the  resulting  curve  and  the  horizontal  line  will  then  represent  the  moments 
in  the  span. 

We  must  next  draw  the  curve  for  maximum  negative  moments  near 
i?i.  For  this  purpose  we  put  the  live  load  on  spans  k  and  k,  whence 
we  find 

Ml  =  -  3,950,000  -  1,170,000  -  840,000    =  -  5,960,000  ft.  lbs. 
and  M'l  =  +  6,890,000  "    " 

We  next  lay  off  Mi  =  5,960,000  foot  pounds  vertically  upward  at  Ri 
to  the  same  scale  as  in  the  first  case,  and  draw  the  moment  diagram  in 
the  same  manner. 

We  then  proceed  to  draw  the  curve  for  maximum  negative  moments 
in  the  central  part  of  span  h.  For  this  case  we  put  live  load  on  span  k 
only,  so  that  we  have 

Ml  =  -  3,950,000  -  840,000  =  -  4,790,000  ft.  lbs. 

and  M'l  =  +4,700,000  "    " 
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We  must  next  draw  the  moment  diagrams  for  span  h-     For  maximum 
positive  moments,  we  put  live  load  on  span  k  only,  whence  we  have 

Ml  =  -  4,790,000  ft.  lbs. 

Mi  =  -  2,840,000  -     980,000  =  -  3,820,000  "    " 

andM'a  =       4,700,000  +  2,190,000  =+6,890,000"    " 

For  maximum  negative  moments  near  the  centre  of  span  k,  we  put  live 
load  on  spans  k  and  k,  giving  the  moments 

Ml  =  -  4,950,000  ft.  lbs. 

Ma  =  -  2,840,000  -  670,000  +  330,000       =  -  3,180,000  "    " 
andM'2  =  +4,700,000  "    " 

For  maximum  negative  moments  near  Ri,  we  load  spans  h  and  k,  whence 
we  have 

Ml  =  -  5,960,000  ft.  lbs. 

Ma  =  -  2,840,000  -  980,000  +  330,000       =  -  3,490,000  "    " 
andM'2  =  +6,890,000  "    " 

For  maximum  negative  moments  near  R^,  we  must  place  live  load  on  spans 
k  and  ^3;  and  the  resulting  moments  are 

Ml  =  -  3,950,000  -  840,000  +  170,000       =  -  4,620,000  ft.  lbs. 
M2  =  -  2,840,000  -  980,000  -  670,000       =  -  4,490,000  "    " 
andM'2  =  +6,890,000  "    " 

The  moment  curves  for  each  of  the  four  conditions  of  loading  are  then 
drawn. 

It  is  next  necessary  to  check  to  see  that  the  positive  moment  at 
centre  of  span  k  is  taken  large  enough.     The  minimum  allowable  value  is 

22  000  X  50^ 

' =  2,750,000  ft.  lbs. ;   and  as   the   plotted   moment   is   only 

2,600,000  ft.  lbs.,  the  steel  area  must  be  figured  for  the  larger  value. 

The  moment  diagrams  for  span  k  are  now  to  be  prepared.     For  maxi- 
mum positive  moments,  we  load  spans  k  and  k,  whence  we  have 

M2  =  -  3,180,000  ft.  lbs. 

andM'3  =  3,000,000  +  1,400,000  =  +  4,400,000  "     " 

For  maximum  negative  moments  near  R2,  we  load  spans  h  and  ^3,  whence 
we  find 

M2  =  -  4,490,000  ft.  lbs. 

and  M'3  =  +  4,440,000  "     " 

For  maximum  negative  moments  near  the  centre  of  U,  we  load  span  4 
only,  and  the  resulting  moments  are 

M2  =  -  3,820,000  ft.  lbs. 

andM'a  =  +3,000,000  "    " 
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The  moment  diagrams  for  each  of  the  three  conditions  of  loading  are 
then  plotted. 

As  an  aid  in  drawing  the  parabolas,  it  should  be  remembered  that  the 
slope  of  the  curve  at  mid  span  is  parallel  to  the  reference  line  from  which 
it  is  plotted.  This  is  illustrated  in  Fig.  37rr.  Only  the  parts  of  the 
parabolas  shown  by  full  lines  need  be  drawn  in,  as  the  dotted  portions 
do  not  determine  steel  areas. 

On  account  of  the  width  of  the  supports  ^i  and  ^2,  the  moment  dia- 
gram at  those  points  is  not  really  of  the  shape  just  determined.  The 
dotted  lines  show  the  approximate  form  it  will  actually  have. 

The  maximum  shear  must  also  be  figured.  It  will  evidently  occur  in 
the  span  Zi,  at  the  edge  of  the  support  Ri.  Let  us  assume  the  distance 
from  Ri  to  the  edge  of  the  support  to  be  three  (3)  feet.  The  maximum 
shear  at  this  point  will  occur  when  spans  k  and  h  are  loaded,  and  its 
value  is 

V  =  22,000  (25  -  3)  +  ^'^^^f^^  =  603,000  lbs. 

50 

The  section  of  the  girder  will  be  determined  by  the  moment  at  Ri 
or  at  the  centre  of  the  'span  h,  or  else  by  the  maximum  shear.  Assuming 
the  girder  to  be  four  (4)  feet  wide,  and  that  there  is  no  T-beam  action, 
we  find  the  following  required  depths: 


17                  ^  TIT       J           5,960,000  ..,„ 

For  moment  Mu    d  =  \ =  111  ', 


4X  120 

.  ..     J        .  (4,620,000  ,,„,, 

for  moment  m  ti,    a  =  \  — =  110  , 

>    4  X  95 

A(  •  X.  ^  603,000  ,.„„ 

and  tor  maxunum  shear,    a  =  -—     =  119  . 

120  X  48  X  3^ 

Assuming  d  =  120"  or  10',  and  j  =  J^,  the  steel  area  required  for  the 

moment  Mi  is 

.  5,980,000  ^^^        . 

^  =  10  X  >^  X  16,000  =  '2-^  ^^-  ^^-^ 

which  calls  for  35  13^-inch  round  bars  having  a  total  area  of  43.0  square 
inches.  Evidently  three  rows  of  bars  at  ten  (10)  each  will  be  sufficient, 
except  just  at  Ri,  so  that  the  gross  depth  of  the  girder  below  the  slab 
must  be  about  119"  +  4"  +  23^"  =  125K"-  We  shall,  therefore,  make 
the  gross  depth  126",  or  10'  6",  and  call  the  effective  depth  120",  or  10'. 
The  quantity  j  will  be  %  or  more  at  all  points,  and  this  value  will  be 
used  in  computing  the  steel  area.  The  required  area  at  any  point  will, 
therefore,  be 

M  M 


A  = 


16,000  X  K  X  10       140,000 
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The  required  areas  of  the  top  and  bottom  reinforcement  arc  next 
obtained  by  the  formula  just  given.  The  smooth  curves  in  Fig.  37ss 
give  the  rcsuUinp;  vakies. 

Tlie  reinforcement  is  now  to  be  designed.  Deformed  bars  134  inches 
in  diameter  will  be  employed,  putting  ten  bars  in  each  row,  as  has  been 
previously  stated.  There  will  be  needed  27  bars  at  the  centre  of  span 
li,  16  at  the  centre  of  span  k,  17  at  the  centre  of  span  k,  34  at  Ri,  and 
27  at  R2.  The  numbers  used  will  be  30,  18,  18,  34,  and  28,  respectively. 
The  points  at  which  bars  are  to  be  bent  up  or  stopped  off  must  next  be 
determined.  All  bent-up  bars  will  be  incUned  at  about  45°,  and  the 
horizontal  projection  of  the  bent  portion  will  be  taken  as  nine  (9)  feet. 
Fig.  37 tt  shows  the  arrangement  adopted;  and  the  stepped  hnes  in  Fig. 
37ss  indicate  the  areas  provided  at  various  points.  The  vertical  portions 
of  these  lines  show  the  points  at  which  the  bars  bend  up,  and  the  sloped 
portions  indicate  the  gradual  development  of  bars  which  stop  without 
being  bent  up.  The  bars  are  assumed  not  to  resist  any  of  the  moment 
after  being  bent,  which  assumption  is,  of  course,  on  the  side  of  safety. 

Since  the  unit  shear  exceeds  forty  (40)  pounds  per  square  inch  at  some 
points,  web  reinforcement  is  required.  The  critical  sections  at  Rg  and  R3 
are  at  the  edges  of  the  supports,  or  say  one  (1)  foot  from  the  centres  thereof. 

The  critical  sections  at  Ri  and  R2  are  located  —  from  the  edges  of  the 

^1 

supports,  or  eight  (8)  feet  from  the  centres.     The  amount  of  shear  that  can 

be  carried  by  the  concrete  and  bent-up  bars  will  be  determined,  and 

stirrups  will  be  supphed  if  necessary. 

The  end  of  span  Ix  next  to  Rx  will  first  be  considered.  The  shears 
at  various  sections,  due  to  full  live  load  on  spans  Ix  and  ^,  will  first  be 
figured,  and  then  the  effect  of  removing  tne  portion  of  the  live  load  be- 
tween the  section  and  ^1  will  be  computed  on  the  assumption  that  the 
girder  is  simply  supported  at  Rx.     We  then  have: 

At  edge  of  support  (see  previous  figures). 

V  =  603,000  lbs. 

V  =  603,000  -^  48  X  120  X  J^  =  603,000  -~  5,040  =  120  lbs.  per  sq.  in. 
At  8'  from  Rx. 

ft2  y  7  r^o 

V  =  603,000  -  5  X  22,000  +      '";       =  498,000  lbs. 

Z  X  o\) 

V  =  498,000  4-  5,040  =  99  lbs.  per  sq.  in. 
At  13'  from  Rx. 

1*32  s^  7  r\r^ 

V  =  603,000  -  10  X  22,000  + j— ^ =  395,000  lbs. 

V  =  395,000  -^  5,040  =  79  lbs.  per  sq.  in. 
At  20'  from  Rx. 

202  y  7  000 

V  =  603,000  -  17  X  22,000  + j^ =  257,000  lbs. 
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V  =  257,000  -^  5,040  =  51  lbs.  per  sq.  in. 

At  25'  from  Ri. 

252  X  7,000 
V  =  603,000  -  22  X  22,000  + ^ =  163,000  lbs. 

V  =  163,000  -H  5,040  =   32  lbs.  per  sq.  in. 

The  shear  diagram  for  this  portion  of  the  beam  is  now  drawn  to  scale, 
as  shown  at  the  top  in  Fig.  37tt.  The  unit  shear  carried  by  the  concrete, 
40  pounds  per  square  inch  to  a  point  8  feet  from  Ri,  and  thence  increas- 
ing uniformly  to  120  at  the  edge  of  the  support,  is  then  laid  off.  Evi- 
dently shear  reinforcement  is  needed  from  the  edge  of  the  support  to  a 
point  23  feet  from  R\.  The  unit  shear  cared  for  by  the  various  bent-up 
bars  is  next  to  be  computed  as  follows,  using  Fig.  37r: 

Bars  bent  down  2'  6"  from  Ri. 

4 
Mi  =  —  =  1  per  ft.  width. 

s.  =  A  (42"  +  24")  =  26.4" 

.'  .Vi  =  6Q  lbs.  per  sq.  in. 
Bars  bent  down  4'  6"  from  Ri. 

rrii  =  -7-  =  1.5 
*        4 

Si  =  ^  (24"  +  30")  =  32.4" 

. '  .  Wj  ==  80  lbs.  per  sq.  in. 
Bars  bent  down  7'  0"  from  Ri. 
rrii  =  1 

Si  =  ^  (30"  +  36")  =  26.4" 

. '  .  Vj-  =  66  lbs.  per  sq.  in. 
Bars  bent  down  10'  0"  from  i^i. 
nii  =  1.5 

Si  =  ^  (3G'^  +  24")  =  36" 

. '  .  Vj  =  72  lbs.  per  sq.  in. 
Bars  bent  down  12'  0"  from  Ri. 
Wj-  =  1 

Si  =  ^  X  24"  X  2  =  19.2" 

. '  .  y,-  =  90  lbs.  per  sq.  in. 
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Since  the  maximum  value  of  Vy,  is  59  pounds  per  square  inch,  it  is 
evident  that  the  bent-up  bars  will  care  fully  for  the  shear  in  the  portion 
of  the  beam  covered  by  them.  The  last  row  of  these  bars  is  located  be- 
yond the  point  of  contraflexure,  so  that  we  need  to  test  the  shearing 
strength  here  only  between  the  bottom  reinforcement  and  the  neutral  axis. 
This  last  row  cuts  the  neutral  axis  about  fifteen  and  one-half  (15.5)  feet 
from  Ri,  and  since  it  provides  a  shearing  strength  of  90  pounds  per  square 
inch  when  assumed  to  reinforce  for  a  space  19.2  inches  wide,  it  will  evi- 
dently be  safe  to  consider  it  to  reinforce  for  a  width  somewhat  greater 
than  this,  so  that  vertical  stirrups  will  be  needed  first  at  a  point  about 
seventeen  (17)  feet  from  Ri.  The  value  of  Vy,  at  this  point  is  23  pounds 
per  square  inch.  Stirrups  will  be  made  of  3^"  round  bars,  arranged 
as  shown  in  Fig.  ^7tt.  There  will  be  six  (6)  vertical  bars  per  stirrup,  so 
that  the  value  of  m^  per  foot  of  width  will  be  1.5.  From  Fig.  37r,  we 
find  the  required  spacing  to  be  12".  To  be  on  the  safe  side,  this 
spacing  will  be  used  from  Ri  to  the  centre  of  the  span.  Near  the  centre 
of  the  beam,  the  bars  will  be  placed  as  shown  in  Fig.  37 tt;  but  those  ' 
within  ten  feet  of  Ri  will  be  inverted.  A  length  of  embedment  of  30  X  3^".  ; 
or  15",  is  sufficient  for  the  development  of  the  stirrup  bars;  and  since  ! 
the  compression  area  is  nearly  four  feet  deep,  the  hooks  on  the  ends  are 
essential  only  near  the  point  of  contraflexure,  where  either  the  top  or  i 
the  bottom  face  may  be  the  tensile  one.  i 

If  the  last  row  of  bars  had  not  been  located  beyond  the  point  of  con- 
traflexure, the  critical  section  for  shear  would  have  been  at  the  top  of  1 
the  beam.  This  last  row  of  bars  cuts  a  horizontal  section  here  only  12  j 
feet  from  Ri,  so  that  stirrups  would  first  have  been  needed  13.5  feet  from  j 
Ri.  The  value  of  y^  at  this  point  is  37  pounds  per  square  inch,  so  that  i 
the  required  stirrup  spacing  here  would  have  been  8".  ; 

The  end  of  span  li  next  to  Ro  will  now  be  considered.     Covering  spans     ] 
li  and  k  with  live  load,  and  proceeding  as  before,  we  find  for  the  values 
of  shear  at  various  sections:  I 

At  edge  of  support — 1'  from  /?„.  ■ 

4  950  000  ' 

V  =  22,000(25  -  1)  -  ^-^ — ■  =  429,000  lbs.  J 

V  =  429,000  ^  5040  =  84  lbs.  per  sq.  in. 

5'  from  Rg.  \ 

7000  X  5^  ''' 

V  =  429,000  -  22,000  X  4  + —  =  343,000  lbs.  " 

2  X  50 

V  =  343,000  ^  5040  =  68  lbs.  per  sq.  in. 
10' from  AV 

7000  X  lO'^  ll 

V  =  429,000  -  22,000  X  9  H ——  =  238,000  lbs.         ■! 

2  X  50 

V  =  238,000  -^  5040  =     47  lbs.  per  sq.  in.   | 
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The  shear  diap;i'am  is  then  laid  off,  as  shown  in  Fip;.  ^7tt,  and  the  unit 
shear  earried  by  tlie  concrete,  40  pounds  piM-  scjuare  inch, is  plotted  thereon. 
The  luiit  shears  eannl  for  by  the  various  rows  of  bent-up  bars  arc  then 
figured  as  follows: 

Bars  bent  up  2'  from  A*,,. 

mi  =  1. 

si  =  A  X  36''  X  2  =  28.8." 

Vi  =  60  lbs.  per  sq.  in. 
Bars  bent  up  5'  from  /?„. 

nii  =  1.5. 

( 

s.  =  —  (36"  +  36")  =  43.2". 

.'.  Vi  =  60  lbs.  per  sq.  in. 

Evidently  the  same  result  is  true  for  the  other  two  rows.  The  bent-up 
bars  are  seen  to  provide  sufficient  web  reinforcement  except  in  the  portion 
from  seven  (7)  to  eleven  (11)  feet  from  Ro,  where  a  small  amount  of  ver- 
tical steel  will  be  required.  To  be  on  the  safe  side,  we  shall  use  the  same 
stirrups  as  were  employed  for  the  other  half  of  the  beam,  spaced  2'  — 0" 
apart,  from  Ro  to  the  middle  of  the  span. 

The  web  reinforcement  for  the  other  spans  is  now  to  be  designed 
in  the  same  manner  as  for  span  h. 

Hooks  on  the  bent-up  bars  are  unnecessary.  At  the  ends  of  the  girder, 
the  bars  are  carried  up  to  the  top  in  order  to  secure  a  proper  length  of 
embedment;  while  those  which  end  on  the  tensile  side  of  the  beam  are 
turned  horizontally  and  extended  3'  — 0"  or  practically  30  diameters. 

The  unit  bond  stresses  will  be  highest  near  the  expansion  ends.  At 
the  section  one  foot  from  the  centre  of  Ro,  there  are  only  ten  (10)  bars 
in  the  bottom  reinforcement,  although  there  are  four  (4)  inclined  bars 
about  a  foot  above  the  bottom.  Neglecting  the  effect  of  these  inclined 
bars,  we  find  for  the  unit  bond  stress 

429,000 
^  ^  120  X  I  X  10  X  3.14  X  1.25  =  ^^^  ^^'^  ^''  ^^^  ^^^ 

Since  the  four  inclined  bars  are  about  as  effective  for  resisting  moment  as 
two  horizontal  bars  in  the  bottom,  the  correct  value  of  u  is  evidently  not 
far  from  105  X  If  =  88  lbs.  per  sq.  in.,  which  is  satisfactory.  In  order 
to  strengthen  this  section  as  much  as  possible,  however,  the  ten  (10) 
straight  bars  will  be  hooked  at  the  ends. 

The  bars  in  the  top  which  are  continuous  from  one  span  to  the  next 
will  have  to  be  sphced  near  the  centres  of  the  spans,  and  the  straight  bars 
in  the  bottom,  over  the  supports.     The  bent-up  bars  will  be  spliced  in  the 
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diagonal  portions.  By  this  arrangement  no  splices  occur  at  point  of 
maximum  stress  or  at  points  where  there  are  a  great  number  of  bars. 

The  shoes  at  the  expansion  ends  of  a  girder  of  this  type  should  be 
thoroughly  anchored  into  the  concrete  of  the  girder,  in  order  to  prevent 
them  from  tearing  loose  when  the  girder  contracts;  and  the  plates  on 
which  the  shoes  slide  must  be  anchored  equally  well  into  the  concrete  of 
the  piers  or  abutments.  The  anchors  should  be  designed  for  a  pull  equal 
to  twenty-five  (25)  per  cent  of  the  load  on  the  shoe.  Pig.  37uu  shows 
the  type  of  detail  used  on  the  Twelfth  Street  Trafficway  for  this  purpose. 

Construction  joints  should,  preferably,  be  at  the  expansion  points; 
but  when  this  is  impossible,  they  should  be  located  near  the  centres  of 
the  spans.  In  the  latter  case  a  substantial  vertical  bulkhead  should  be 
constructed,  and  some  provision  for  carrying  the  shear  at  the  joint  should 
be  provided.  This  can  be  accomphshed  by  putting  in  a  key,  or  by  the 
use  of  %"  diameter  bars  about  2'  —  6"  long  set  at  an  angle  of  45  degrees  with 
the  horizontal,  having  half  of  the  length  of  each  bar  on  each  side  of  the 
joint.  These  bars  can  generally  be  inclined  in  one  direction  only,  since 
the  shear,  if  large  enough  to  be  of  importance,  will  hardly  ever  reverse. 

The  Designing  of  Columns 

Columns  are  to  be  figured  for  direct  vertical  loads,  and  also  for  the 
bending  stresses  induced  in  them  by  eccentric  loads,  by  the  deflections 
of  girders  which  are  continuous  with  them,  and  by  temperature  changes, 
wind  loads,  and  traction  loads.  The  methods  of  calculating  the  moments 
produced  by  these  different  causes  have  already  been  explained  under 
the  heading  "The  Calculation  of  Stresses  in  Monolithic  Structures";  and 
the  resulting  stresses  in  the  concrete  and  steel  therein  can  be  computed 
by  means  of  Figs.  S7k,  37m,  37o,  and  d7q.  The  "Specifications  for  De- 
sign" in  this  chapter  give  the  unit  stresses  to  be  used  with  the  various 
combinations  of  loadings. 

Columns  without  hooping  are  generally  rectangular  in  section.  The 
main  reinforcement  consists  of  bars  near  the  outside  of  the  section,  which 
bars  must  be  very  effectively  secured  against  buckling  outward,  at  points 
spaced  not  to  exceed  fifteen  (15)  diameters  of  the  bar.  The  reinforce- 
ment must  be  arranged  so  that  a  concrete  chute  can  be  used;  and  it  is 
desirable,  in  large  columns,  that  sufficient  space  be  left  to  permit  the  pas- 
sage of  a  man.  Mr.  Howard's  paper  on  the  Twelfth  Street  Trafficway 
at  Kansas  City  shows  details  for  columns  of  the  type  just  discussed. 

Hooped  columns  should  be  either  round  or  octagonal,  since  the  hoops 
must  be  round.  The  "Specifications  for  Design"  indicate  the  amount 
and  spacing  of  hooping  required,  and  the  permissible  percentages  of 
longitudinal  steel. 

Splices  in  the  main  bars  should  usually  be  made  by  lapping  them 
the  proper  amounts.     At  sections  where  there  is  no  tension,  the  bars  are 
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sometimes  butted,  the  two  ends  being  faced  and  held  in  line  by  a  sleeve- 
nut  or  a  tight-fitting  sleeve. 

The  details  of  columns  at  expansion  joints  must  be  arranged  to  suit 
the  longitudinal  girders  and  the  cross-girders.     In  some  cases  the  cross- 
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Fig.  37mm.     Expansion  Plates  for  Main  Girders. 

girder  and  one  main  girder  are  continuous  with  the  column,  and  the  other 
maui  gu-der  sUdes;  while  in  other  instances  both  main  girders  are  free  to 
move,  the  cross-girder  being  carried  directly  on  the  column.  This  latter 
arrangement  permits  the  distance  between  expansion  columns  to  be  one 
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span  longer  than  does  the  former;  but  it  increases  the  total  number  of 
expansion  joints,  since  there  are  then  two  at  each  expansion  column. 
Especial  care  is  necessary  in  either  type  to  prevent  the  plates  on  which 
the  girder-shoes  slide  from  being  torn  loose  from  the  column,  and  to 
prevent  the  column  from  being  split.  On  the  Twelfth  Street  Traflicway, 
where  both  girders  were  arranged  so  as  to  slide  on  the  expansion  columns, 
the  plates  under  the  two  girder  shoes  were  connected  to  each  other  by 
angles,  as  shown  in  Fig.  S7uu.  When  only  one  girder  slides  on  the  column, 
similar  angles  should  be  used,  carried  well  over  into  the  concrete  of  the 
girder  which  is  continuous  with  the  column. 

The  architectural  treatment  of  the  columns  should  be  in  conformity 
with  the  lines  of  the  remainder  of  the  structure.  For  plain,  massive  work, 
in  which  there  is  no  ornamentation,  rectangular  columns  with  vertical 
sides  will  prove  quite  satisfactory.  For  more  elaborate  structures,  it  \viU 
be  best  to  use  capitals  and  plinths,  and  to  batter  the  sides  of  the  shaft. 
A  batter  of  one-eighth  (}/g)  of  an  inch  to  the  foot  is  about  right  for  this  pur- 
pose. For  large  columns,  the  use  of  panels  on  the  sides  of  the  shaft  is 
advisable.  These  panels  may  be  either  raised  or  sunken,  to  suit  the 
taste  of  the  designer.  For  a  double-deck  structure,  the  use  of  pilasters 
under  the  main  girders  of  the  lower  deck  adds  to  the  appearance  of  the 
structure.  As  was  just  mentioned,  Mr.  Howard's  paper  shows  the  type 
of  column  adopted  for  the  Twelfth  Street  Traflicway,  which  was  a  double- 
deck  structure. 

When  capitals  are  employed,  some  form  of  reinforcement  should  be 
adopted  to  prevent  their  cracking  off.  Either  small  bars  or  wire  mesh 
can  be  used  for  this  purpose. 

Construction  joints  require  little  attention  on  the  part  of  the  designer, 
and  may  be  located  at  any  desired  section.  There  will  always  be  one 
such  joint  at  the  top  of  the  footing,  and  generally  one  at  the  bottom  of 
the  girders.  Since  it  is  usually  inconvenient  to  place  the  column  rein- 
forcement before  the  footing  is  poured,  the  main  reinforcement  should 
begin  at  the  top  of  the  footing,  and  an  equal  number  of  short  bars  or 
dowels  should  be  placed  in  the  latter,  extending  far  enough  into  it  and 
into  the  column  shaft  to  be  developed  fully  in  both. 

The  Designing  of  Column  Footings 

The  formulae  given  on  page  857  et  seq.,  in  the  section  of  this  chapter 
entitled  "Stresses  in  Column  Footings,"  will  enable  the  stresses  in  such 
slabs  to  be  computed  without  difficulty.  Fig.  376  can  be  utilized  for  the 
design  of  the  section  after  the  moment  has  been  calculated. 

The  thickness  of  a  footing  must  be  tested  for  the  bending  moment 
on  the  section  at  the  edge  of  the  column  shaft,  for  punching  shear  on 

this  same  section,  and  for  diagonal  tension  on  the  section  distance  -r- 
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from  the  edgo  of  the  shaft.  The  footing  should  be  made  of  such  thickness 
that  web  reinforcement  will  not  be  required. 

The  unit  bond  stress  is  to  be  computed  by  Equation  126.  It  will 
usually  be  found  necessary  to  adopt  rather  small  bars,  in  order  to  keep 
the  bond  stress  dowii  to  a  proi)er  value;  and  testing  for  this  stress  should 
never  be  omitted.  All  bars  should  extend  to  the  edges  of  the  footing, 
since  any  that  are  stopped  off  will  not  be  properly  developed. 

The  tops  of  footings  should  be  kept  horizontal.  Footings  with  stepped 
upper  surfaces  did  not  show  up  well  in  Prof.  Talbot's  tests  reported  in 
Bulletin  No.  67  of  the  Engineering  Experiment  Station  of  the  University 
of  Illinois;  and  sloping  the  top  surface  causes  extra  form  work  and  makes 
the  placing  of  concrete  more  difficult,  which  about  offsets  the  saving  due 
to  the  decrease  in  the  amount  of  concrete  required. 

The  reinforcement  should  be  placed  at  least  three  (3)  inches  from 
the  bottom  of  the  footing.  As  was  stated  previously,  the  steel  area  per 
foot  width  should  be  determined  by  Equations  159  and  160;  and  the  spac- 
ing of  the  bars  thus  found  must  be  kept  constant  over  the  entire  width  of 
the  footing.  The  two  sets  of  bars  should  be  securely  wired  at  their  inter- 
sections. Dowels  extending  up  into  the  column  shaft  will  also  be  required, 
as  discussed  under  "The  Designing  of  Columns."  They  should  be  put 
into  position  and  securely  fastened  before  the  pouring  of  concrete  is 
begun. 

In  designing  plain  footings  for  bending  moments,  a  fairly  high  value 
of  the  working  modulus  can  be  used.  If  the  moduli  of  rupture  for  the 
footings  tested  by  Prof.  Talbot  be  figured  for  the  moments  per  foot  of  width 
given  by  Equations  159  and  160,  the  values  will  be  found  to  range  from 
280  to  500  pounds  per  square  inch,  with  only  two  values  less  than  350 
pounds  per  square  inch.  These  footings  were  of  1 :  23^  :  5  concrete. 
Apparently,  a  working  modulus  of  60  pounds  per  square  inch  can  be 
safely  used  for  1  :  3  :  5  concrete,  and  one  of  70  pounds  per  square  inch 
for  1  :  2  :  4  concrete. 

The    Designing  of  Wall  Footings 

The  locations  of  the  critical  sections  for  bending  moment  and  diagonal 
tension  have  been  discussed  in  the  section  entitled  "The  Calculation  of 
Stresses  in  Wall  Footings,"  and  formulae  have  been  given  for  calculating 
the  moments  and  shears.  If  the  top  of  the  footing  is  horizontal,  Fig.  376 
is  to  be  employed  in  the  design  of  the  section  for  bending  moment,  and 
Equations  125  and  126  in  figuring  the  unit  shearing  and  unit  bond  stresses. 
If  the  top  surface  is  inclined.  Fig.  37j  is  to  be  used  in  designing  the  section 
for  moment;  and  Equations  139,  125,  and  126  in  figuring  the  unit  shearing 
and  unit  bond  stresses. 

Footings  should  be  made  of  such  thickness  that  shear  reinforcement 
is  unnecessary.     The  unit  bond  stresses  should  always  be  investigated, 
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as  they  are  likely  to  be  high.  All  bars  should  extend  to  the  edge  of  the 
footing. 

The  statements  made  in  the  preceding  section  of  this  chapter  regard- 
ing the  use  of  sloped  or  stepped  tops  for  column  footings  apply  also  to 
wall  footings,  although  the  emplojonent  of  sloped  tops  is  occasionally 
desirable. 

In  designing  plain  footings  for  bending  moment,  a  rather  high  working 
modulus  can  be  used,  as  will  be  seen  from  Prof.  Talbot's  tests  referred  to 
on  the  preceding  page.  A  working  stress  of  60  pounds  per  square  inch 
would  appear  to  be  satisfactory  for  1:3:5  concrete,  and  one  of  70  pounds 
per  square  inch  for  1:2:4  concrete. 

The  Designing  of  Arch  Spans  and  Piers 

Reinforced-concrete  arch  spans  are  of  two  general  types,  solid-spandrel 
and  open-spandrel.  In  the  first  form  the  arch-ring  must  be  solid,  and 
the  roadway  rests  on  a  fill  which  is  carried  on  the  said  arch-ring  and  is 
restrained  transversely  by  spandrel-walls  along  the  edges  thereof.  In  the 
second  form,  the  arch-ring  may  be  of  either  the  solid-barrel  or  the  ribbed 
type.  The  roadway  is  supported  on  reinforced  concrete  slabs,  which  are 
carried  by  cross  girders  and  spandrel  columns  when  the  ring  is  of  the 
ribbed  type,  and  by  transverse  spandrel  walls  when  th^  ring  is  solid.  The 
solid-spandrel  and  open-spandrel  forms  are  frequently  combined  in  one 
span,  the  centre  portion  being  of  the  former  type  and  the  end  portions 
of  the  latter. 

The  sohd-spandrel  arch,  which  is  frequently  termed  the  spandrel- 
filled  arch,  is  best  adapted  to  spans  of  low  rise,  as  the  weight  of  the  filling 
becomes  excessive  in  an  arch  of  high  rise.  Also,  the  spandrel  wall,  which 
acts  as  a  retaining  wall,  concentrates  a  heavy  load  along  the  edges  of  the 
ring  when  it  is  of  considerable  height.  However,  it  is  occasionally  used 
for  railway  spans  of  high  rise,  in  order  that  the  weight  of  the  filling  may 
absorb  the  impact  of  moving  trains.  The  arch  ring  should,  preferably, 
extend  the  full  width  of  the  roadway,  as  the  best  looking  structure  is 
secured  thereby.  A  considerable  saving  in  the  arch  ring  and  substructure 
can  be  effected  by  making  the  arch  ring  narrower  than  the  roadway; 
and  when  the  appearance  of  a  bridge  is  not  of  vital  importance,  the  econ- 
omy may  be  justified.  The  outer  portions  of  the  roadway  are  then  car- 
ried on  cantilever  brackets  which  are  supported  by  the  spandrel  walls 
and  are  continuous  with  cross-walls  resting  on  the  arch  ring  or  with  cross- 
struts. 

The  open-spandrel  arch  is  more  economical  than  the  solid-spandrel  one 
for  all  spans  except  those  of  very  low  rise.  The  ring  should  be  solid 
when  the  ratio  of  the  rise  to  the  length  is  small,  and  also  when  the  high 
water  line  is  much  above  the  springing;  but  under  other  conditions  the 
ribbed  type  will  be  preferable.  Since  the  roadway  and  the  arch-ring  are 
entirely  separate  members  of  the  structure,  there  is  no  loss  in  appearance 
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if  the  latter  is  narrower  than  the  former;  and  the  economy  resulting 
from  this  arrangement  should  always  be  realized.  The  overhanging  por- 
tions of  the  roadway  will,  of  course,  be  supported  on  cantilever  beams 
continuous  with  the  cross-girders  or  transverse  spandrel-walls.  Longi- 
tudinal spandrel-girders,  placed  under  the  floor-slabs  with  their  outer 
faces  about  in  line  ^vith  the  outer  faces  of  the  arch-rings,  will  add  some- 
what to  the  appearance  of  the  span.  Their  under  surfaces  should  be 
arched,  to  be  in  harmony  with  the  ty|:)e  of  structure.  When  the  ribbed 
type  of  arch  ring  is  used,  the  ribs  must  be  braced  by  efficient  cross-struts, 
spaced  not  to  exceed  twelve  times  the  width  of  the  ribs. 

The  hingeless  tj^je  of  rib  has  generally  been  employed  in  the  United 
States,  but  tliree-hinged  arches  have  been  built  extensively  in  Europe. 
The  great  advantages  of  the  hinged  rib  are  that  the  stresses  are  deter- 
minate, that  the  amount  of  calculation  work  required  is  comparatively 
small,  and  that  the  temperature  stresses  are  eliminated;  while  its  chief 
drawback  is  its  somewhat  awkward  appearance,  due  to  the  fact  that  the 
thickness  in  the  haunches  is  greater  than  that  at  the  springing,  unless  a 
considerable  amount  of  concrete  is  used  which  is  not  needed  so  far  as  the 
stresses  are  concerned.  The  appearance  of  the  hingeless  rib  is  very  fine. 
The  stresses  are  to  some  extent  indeterminate,  but  experience  has  shown 
that  the  ribs  are  perfectly  safe  in  every  way  when  designed  in  accordance 
with  the  elastic  theory^;  and  the  calculations  required  are  not  uiu-eason- 
ably  long.  The  temperature  stresses  are  high  in  flat  arches,  as  are  also 
the  stresses  resulting  from  rib  shortening  and  from  small  movements  of 
the  supports.  The  hingeless  rib  is  stiff er  than  the  other;  but  this  is  not 
of  great  importance  in  concrete  structures,  since  the  dead  load  is  a  large 
proportion  of  the  total.  The  cost  of  the  two  forms  is  not  materially  dif- 
ferent except  for  flat  arches,  under  which  circumstances  the  three-hinged 
type  is  somewhat  cheaper.  That  type  requires  less  concrete  than  the 
other,  but  the  cost  of  the  hinges  will  about  offset  this  saving  in  other 
than  flat  arches.  When  the  bridge  over  the  Arroyo  Seco  at  Pasadena, 
Cal.,  was  designed  by  the  author's  firm,  complete  estimates  were  made 
for  both  the  hingeless  and  the  three-hinged  types.  The  hingeless  type 
was  found  to  be  a  trifle  cheaper  than  a  tliree-hinged  rib  of  economic  out- 
line, and  decidedly  cheaper  than  a  three-hinged  rib  in  which  the  thickness 
at  the  springing  was  increased  for  the  sake  of  appearance.  The  arches 
in  this  case  were  of  high  rise,  as  can  be  seen  in  Fig.  52/,  which  is  a  repro- 
duction of  a  photograph  of  that  bridge.  An  extended  discussion  of  the 
relative  merits  of  the  two  types  of  ribs  is  to  be  found  in  a  paper  by  W.  M. 
Smith,  Sr.,  M.  Am.  Soc.  C.E.,  and  W.  M.  Smith,  Jr.,  Jun.  Am.  Soc. 
C.  E.,  entitled  "  Concrete  Bridges:  Some  Important  Features  in  Their 
Design,"  in  Vol.  LXXVH  of  the  Trans.  Am.  Soc.  C.  E.,  and  the  accom- 
panying discussions. 

The  character  of  the  substructure  required  will  vary  widely  in  differ- 
ent arch  structures.     When  there  are  several  consecutive  spans,  the  inter- 
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mediate  piers,  below  the  springing  lines,  will  often  not  differ  essentially 
in  type  from  those  used  for  steel  bridges,  although  it  will  frequently  be 
necessary  to  reinforce  the  shafts  and  to  employ  unusually  wide  bases; 
and  special  care  must  be  taken  to  secure  unyielding  foundations.  In  long 
bridges  of  this  type,  wide  abutment-piers,  having  sufficient  stability  to 
stand  if  one  of  the  arch  spans  that  it  carried  were  removed,  should  be 
placed  at  intervals.  This  will  prevent  the  entire  structure  from  being 
wrecked  if  one  span  or  pier  should  fail.  The  end  supports  are  entirely 
different  from  those  used  for  ordinary  steel  bridges,  since  they  have  to 
care  for  a  large  horizontal  thrust.  The  front  face  of  the  arch  abutment 
proper  is  usually  made  vertical,  while  the  rear  face  has  a  very  large  batter. 
A  rather  unusual  condition  arose  in  the  case  of  the  Fifteenth  Street  Bridge 
over  the  Blue  River  at  Kansas  City,  Mo.,  which  was  designed  by  the 
author's  firm.  In  this  case  the  shale  on  which  the  abutment  was  to  rest 
was  overlaid  by  about  forty  feet  of  soft  clay.  A  rectangular  reinforced 
concrete  crib  was  constructed  and  sunk  by  the  open-dredging  process  to 
the  desired  depth.  The  arch  ring  rested  on  top  of  this  crib,  near  the 
front  edge. 

The  treatment  of  the  intermediate  piers  above  the  arch  springings 
is  a  matter  of  sesthetics.  The  upper  portion  of  the  shaft  should  be  wide, 
preferably  nearly  as  wide  as  the  shaft  below  the  springing;  and  if  can- 
tilever beams  are  used,  there  should  be  one  nearly  the  full  width  of  the 
upper  portion  of  the  shaft,  or  else  two,  one  at  each  edge  thereof.  The  end 
pier  should  be  made  similar  to  the  intermediate  ones,  if  short  approach 
spans  are  adopted.  When  an  abutment  is  required  in  order  to  retain  an 
earth  fill,  it  should  usually  be  made  of  the  U-type;  and  it  should  generally 
extend  the  full  width  of  the  roadway,  even  though  the  arch  ring  is  narrower. 
In  the  case  of  open-spandrel  arches,  it  will  be  found  somewhat  difficult 
to  make  the  treatment  of  the  abutment  harmonious  with  that  used  for 
the  upper  portions  of  the  intermediate  piers. 

In  the  Twelfth  Street  Trafficway  it  was  found  necessary  to  use  an 
arch  of  134'  span,  the  springing  of  which  had  to  be  placed  a  consid- 
erable distance  above  the  ground  level.  As  there  were  girder  spans  at 
each  end  of  the  arch,  it  would  have  required  expensive  abutments  to  resist 
the  horizontal  thrusts;  and,  furthermore,  there  was  no  space  available  for 
such  abutments.  The  difficulty  was  overcome  by  using  a  bottom  chord 
of  steel  eye-bars  to  take  up  the  said  thrusts.  A  complete  description  of 
this  arch,  with  full  details,  is  to  be  found  in  the  paper  by  Mr.  Howard 
in  the  Proceedings  Am.  Soc.  C.  E.  for  May,  1915,  which  has  been  men- 
tioned previously.  Attention  is  called  especially  to  the  rockers  for  taking 
care  of  expansion,  and  to  the  toggle  in  the  eye-bar  chain,  which  was  used 
to  eliminate  the  stresses  in  the  arch  ring  due  to  the  stretch  of  the  tie  and 
to  the  shortening  of  the  arch  rib;  and  also  to  the  fact  that  the  arch  rib 
is  free  from  temperature  stresses. 

In  the  open-spandrel  type  of  arch,  the  only  expansion  joints  required 
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are  in  the  floor-system  and  handrails.  For  short  spans  these  joints  should 
be  located  at  both  ends  of  each  span;  and  for  longer  spans  there  should 
also  be  provision  for  expansion  at  about  the  quarter  points.  In  the  solid- 
spandrel  t>T)e  there  should  lie  expansion  joints  in  the  spandrel  walls,  floor- 
system,  and  handrails  at  each  end  of  each  span;  and  in  long  spans  there 
should  also  be  expansion  joints  at  the  quarter  points. 

The  question  of  aesthetics  should  be  carefully  considered  in  designing 
a  reinforced-concrete  arch  span.  Chapter  LI  I  discusses  this  subject. 
Fig.  52e  shows  an  example  of  an  arch  bridge  with  open  spandrels  in  which 
the  lines  are  very  plain,  and  Fig.  52/  illustrates  a  structure  of  the  same 
t}rpe  which  is  somewhat  ornamental.  Fig.  52/i  shows  an  arch  bridge 
with  closed  spandrels.  Tj^^ical  details  of  the  bridge  illustrated  in  Fig. 
52/  are  to  be  found  in  an  article  on  page  146  of  the  Engineering  News 
for  July  24,  1913,  and  in  Part  III  of  Hool's  "Reinforced  Concrete 
Construction." 

The  design  of  the  floor-system  of  an  arch  span  involves  no  peculiar 
features.  The  spandrel  girders,  if  such  are  used,  will  be  made  continu- 
ous between  ex^jansion  joints.  The  design  of  the  spandrel  columns  is 
also  simple.  Their  appearance  is  improved  b}^  battering  them  slightly 
and  using  capitals  and  plinths:  but  their  treatment  must  be  made  con- 
sistent with  that  of  the  piers.  A  good  example  of  details  of  this  nature 
is  to  be  found  in  the  bridge  shown  in  Fig.  52/,  reference  to  which  was 
made  in  the  preceding  paragraph. 

The  methods  of  laying  out  the  arch  ribs  and  calculating  the  stresses 
therein  have  already  been  fully  treated  in  this  chapter.  The  main  rein- 
forcement should  consist  of  bars  placed  near  the  intrados  and  the  extrados. 
At  least  one-half  of  one  per  cent  of  the  area  at  the  crown  should  be  used 
in  each  face  throughout  the  rib,  and  extra  steel  should  be  added  at  the 
critical  sections  as  required  by  the  stresses.  In  arches  of  high  rise,  addi- 
tional bars  will  be  needed  in  the  haunches,  and  possibly  at  the  crown;  while 
in  flat  arches  it  will  be  necessary  to  add  a  large  amount  of  steel  at  the 
springing,  and  usually  a  smaller  amount  at  the  crown.  The  percentage 
of  steel  required  in  any  case  will  depend  partly  upon  the  ratio  of  the 
live  load  to  the  dead  load,  increasing  as  this  ratio  increases.  The  bars 
in  each  face  should,  preferably,  be  arranged  in  one  row,  with  their  centres 
at  least  3  inches  from  the  edge  of  the  concrete;  but  two  rows  will  fre- 
quently be  required  at  the  critical  sections.  Bars  should  be  properly 
lapped  at  all  splices.  Since  the  concrete  in  the  piers  or  abutments  up  to 
the  springing  line  will  generally  be  poured  before  the  forms  for  the  arch 
ribs  are  constructed,  it  will  be  necessarj^  to  splice  all  bars  there;  but  not 
more  than  half  of  the  bars  should  be  spliced  at  any  other  point. 

The  transverse  reinforcement  in  a  solid-barrel  arch  rib  should  consist 
of  bars  3^"  or  ^"  in  diameter,  spaced  about  two  (2)  feet  centres  in 
each  face.  Thesis  ])ars  should  he  securely  wired  to  the  main  bars  at 
each   intersection.     Stirrups   tying   the   top   and  bottom   steel   together 
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should  also  be  used,  in  order  that  the  steel  near  the  extrados  may  not 
Ijuckle  outwards.  The  stirrups  should  hold  each  main  bar  at  its  inter- 
section with  each  transverse  bar.  Continuous  bars,  arranged  like  the  web- 
members  of  a  Warren  or  triangular  truss,  are  preferable  to  separate  loops 
for  these  stirrups. 

Each  rib  in  an  arch  of  the  ribbed  tyY)e  should  be  hooped  or  banded 
in  about  the  same  manner  as  a  column.  In  a  deep  rib  it  will  be  necessary 
to  place  longitudmal  bars  in  each  vertical  face;  for  the  rib  is  a  column 
transversely.  However,  it  is  practically  free  from  the  secondary  stresses 
present  in  most  columns.  Examples  of  ribs  of  this  type  are  to  be  found 
in  the  articles  previously  referred  to  in  the  Engineering  News  of  July  24, 
1913,  and  on  page  1019  of  the  Proc.  Am.  Soc.  C.  E.  for  May,  1915. 

The  cross-struts  used  to  brace  the  ribs  in  a  span  of  the  ribbed  type 
should  be  figured  for  wind  stresses  and  for  their  own  weight.  The  dimen- 
sion parallel  to  the  axis  of  the  rib  should  be  about  equal  to  the  width 
of  the  rib,  in  order  that  the  strut  may  be  quite  stiff.  The  spacing  of  the 
struts  should  be  about  eight  (8)  times  the  width  of  the  ring.  Usually  a 
strut  at  the  crown  is  unnecessary,  as  the  cross  girders  near  this  point 
will  afford  proper  transverse  support  in  most  instances. 

The  design  of  the  upper  portion  of  a  pier  between  two  arch  spans  is 
simple.  The  method  of  calculating  the  stresses  in  the  shafts  below  the 
springings  and  the  pressures  on  the  foundations  of  such  piers  has  alrer^-dy 
been  explained.  When  a  pier  carries  two  spans  that  are  unlike,  the 
bending  moments  at  some  sections  of  the  shaft  and  at  the  base  are  apt 
to  be  high.  These  moments  can  frequently  be  reduced  by  shifting  the 
arch  ribs  slightly.  The  springing  of  the  arch  having  the  larger  horizontal 
thrust  should  be  placed  below  that  for  the  other  arch,  so  that  the  resultant 
of  the  reactions  from  the  two  arches  maj'"  strike  as  near  to  the  centre  of 
the  footing  as  possible.  In  some  cases  it  will  be  economical  to  make  the 
footing  unsjTiunetrical  about  the  centre  line  of  the  shaft.  In  adopting 
these  economic  expedients,  however,  care  should  be  taken  not  to  violate 
the  principles  of  aesthetics. 

Fig.  37/^  shows  the  section  used  for  the  shaft  of  a  pier  between  two 
equal  arches,  and  also  the  reinforcement  employed.  Details  of  piers  used 
in  two  of  the  author's  bridges  are  to  be  found  in  the  articles  in  the  Engi- 
neering News  and  the  Proc.  Am.  Soc.  C.  E.  just  referred  to. 

The  calculation  of  the  stresses  produced  by  arches  in  their  abutments 
has  also  been  previously  discussed.  If  an  abutment  acts  also  as  a  retain- 
ing wall,  the  effects  of  the  earth  pressure  must  be  properly  combined 
with  those  from  the  arch  rib.  Fig.  37kk  shows  the  outlines  and  reinforce- 
ment used  for  the  abutment  of  an  arch  span  in  which  the  springing  was 
located  very  close  to  rock.  The  footing  was  carried  into  the  rock  for 
some  distance  in  order  to  secure  the  requisite  resistance  against  the  hori- 
zontal thrust  of  the  arch.  This  point  should  never  be  overlooked  when 
arch  abutments  are  being  designed. 
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Handrails 


Concrete  handrails  are  of  two  general  types:  solid  and  open. 

The  solid  handrail  should  be  used  on  massive  structures  only,  for  it 
gives  a  top-heavy  appearance  to  lighter  ones.  In  the  Twelfth  Street 
Trafficway  at  Kansas  City,  Mo.,  half-through  girders  were  used  for  the 
lower  deck,  and  the  upper  portion  of  these  girders  was  paneled  to  resemble 
a  solid  handrail.  As  has  been  previously  stated,  this  structure  is  described 
fully  in  a  pai:)er  in  the  Proc.  Am.  Soc.  C.  E.  for  May,  1915;  and  the  ap- 
pearance of  the  railing  can  be  seen  in  Plate  XV  and  Fig.  22  of  that  paper. 
A  handrail  of  similar  outline  was  used  on  a  small  arch  bridge  designed 
by  the  author's  firm  several  years  ago,  but  the  appearance  was  unsatis- 
factory. 

Open  handrails  are  of  two  forms.  In  one  kind  each  panel  consists  of 
a  thin  slab  with  open  spaces  forming  a  design  of  some  sort,  such  as  a 
Greek  cross;  while  in  the  other  vertical  balusters  are  used.  The  author 
has  employed  the  former  type  on  several  small  bridges.  The  latter 
type  was  adopted  for  the  upper  deck  of  the  Twelfth  Street  Trafficway. 
The  details  of  the  handrail  on  this  structure  are  given  in  Plate  XVII  of 
the  paper  previously  mentioned,  and  its  appearance  can  be  seen  in  Figs. 
21,  23,  24,  and  25.  It  will  be  noted  that  the  balusters  are  plain.  In  the 
Arroyo  Seco  Bridge  at  Pasadena,  Cal.,  a  view  of  which  is  shown  in  Fig. 
52/,  the  same  type  of  railing  was  used;  but  in  this  case  the  balusters 
were  quite  ornamental,  the  top  and  bottom  portions  being  square,  and 
the  centre  portions  round  and  swelled  out,  thus  giving  to  the  baluster 
an  urn-like  appearance. 

The  handrail  should  be  so  detailed  as  to  accentuate  the  prominent 
features  of  the  structure  beneath.  Small  posts  should  be  used  at  each 
cross  girder  or  cantilever,  and  very  prominent  ones  at  each  pier  or  column. 
In  the  Arroyo  Seco  Bridge,  small  bays  were  formed  over  each  pier;  and 
similar  bays  were  adopted  at  the  ends  of  the  arch  span  in  the  Twelfth 
Street  Trafficway,  as  can  be  seen  by  referring  to  Plate  XIV  and  Figs. 
14  and  21  of  Mr.  Howard's  paper.  In  the  latter  case  these  bays  help 
to  emphasize  the  prominence  of  the  arch  span  over  the  rest  of  the  struc- 
ture, being  thoroughly  in  keeping  with  the  very  massive  arch  piers. 

The  treatment  of  the  handrails  should  harmonize  with  that  of  the 
remainder  of  the  structure.  Thus  the  lines  of  the  Twelfth  Street  Traffic- 
way  are  simpler  than  those  of  the  Arroyo  Seco  Bridge,  and  the  structure 
is  much  more  massive,  so  that  plain,  substantial  balusters  were  used 
rather  than  the  more  ornamental  ones  employed  on  the  California  Bridge. 

Handrails  should  be  designed  so  that  the  balusters,  the  top  rails,  and 
the  caps  of  the  posts  can  be  separately  moulded,  as  better  form-work 
will  be  obtained  thereby.  The  bottom  rail  and  the  posts  are  usually 
poured  in  place;  but  they  can  be  precast,  if  desired. 

The  bottom  rail  is  frequently  raised  an  inch  or  more  above  the  top 
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of  the  sidewalk  slab,  in  order   to  provide   a   space   for   the   removal    of 
dirt,  thus  preventing  its  accumulation  on  the  sidewalk. 

Enough  reinforcement  should  be  used  in  the  various  portions  of  a 
handrail  to  prevent  cracking;  however,  nothing  but  a  few  3^"  or  ^" 
bars  should  be  employed,  as  otherwise  the  placing  of  concrete  would 
be  very  difficult.  Frequently  provision  must  be  made  in  the  top  rails 
for  conduits  for  light-wires;  and  the  posts  will  often  have  to  support 
lamp-posts  and  sometimes  trolley  poles.  Lamp-posts,  when  employed, 
should  be  of  an  ornamental  nature. 


Construction  Work 

The  construction  of  reinforced  concrete  bridges  requires  very  careful 
supervision  on  the  part  of  the  engineer,  as  faulty  work  may  make  a  well- 
designed  structure  unsafe.  For  the  best  results  the  engineer  who  makes 
the  design  should  supervise  the  construction. 

The  1913  Report  of  the  Joint  Committee  covers  in  a  general  way  the 
most  important  features  of  construction  work,  and  the  portion  of  that 
report  relating  thereto  should  be  carefully  studied. 

The  materials  to  be  used  in  the  making  of  concrete  should  be  thor- 
oughly tested.  The  cement  must  be  Portland,  no  other  kind  being  per- 
missible. The  testing  of  the  cement  is  usually  performed  in  a  satisfactory 
manner;  but  the  testing  of  the  fine  and  coarse  aggregates  is  frequently 
neglected  to  a  serious  extent,  although  it  is  of  vital  importance. 

Compression  tests  should  be  made  on  8"  X  16"  cylinders  of  concrete, 
as  provided  in  the  Specifications  of  Chapter  LXXIX.  The  making  of 
these  tests  is  a  very  necessary  part  of  the  field  inspection,  for  it  is  the 
only  means  of  determining  whether  the  strength  assumed  in  the  design  is 
actually  attained  in  the  structure.  As  is  a  matter  of  common  knowledge, 
the  strength  of  concrete  frequently  drops  much  below  the  values  which 
are  generally  assumed  as  standard.  The  strength  specified  for  the  con- 
crete of  any  particular  structure  should  be  such  as  the  engineer  knows 
can  be  secured  by  the  use  of  aggregates  obtainable  in  that  locality;  and 
he  should  insist  upon  these  requirements  being  met,  even  though  the 
contractor  be  compelled  to  use  a  richer  mixture.  The  specifications  should 
cover  this  point  fully. 

The  falsework  must  be  of  adequate  strength.  Some  initial  settlement 
will  necessarily  occur,  and  this  should  be  allowed  for  by  cambering  the 
forms;  but  any  subsequent  settlement  is  likely  to  endanger  the  strength 
of  the  structure.  It  will  be  well  to  place  wedges  between  the  falsework 
and  the  forms,  to  take  care  of  unusual  settlement  at  any  point.  Generally 
the  contractor  should  design  the  falsework;  but  the  engineer  should  check 
the  plans  thereof  thoroughly  before  permitting  construction  work  to  pro- 
ceed. The  falsework  for  arches  and  for  girders  high  above  the  ground 
will  require  specially  careful  consideration.     Timber  falsework  is  ordi- 
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iiarily  ('ini)loye(l,  yellow  pine  or  JJouglas  fir  being  the  best  kinds  of  wood 
for  the  i)ur{>ose.  Steel  centering  will  occasionally  be  necessary  for  arches, 
and  for  spans  wh(>re  falsework  resting  on  the  ground  cannot  be  used. 

The  first  requirement  for  the  forms  is  that  they  shall  be  so  strong 
that  they  will  not  break,  or  even  bulge  perceptibly.  The  pressures  for 
which  they  should  be  designed  are  not  known  definitely.  A  number  of 
experiments  have  been  made,  but  the  results  are  not  in  close  agreement. 
Articles  on  the  subject  have  appeared  in  the  Engineering  News  as  follows: 
September  9,  1909,  page  288;  June  30,  1910,  page  748;  July  28,  1910, 
page  103;  August  17,  1911,  page  211,  and  August  14,  1913,  page  294. 
There  are  also  articles  in  the  Engineering  Record  of  January  15,  1910, 
page  71,  and  July  20,  1912,  page  84.  Some  of  the  writers  of  these  articles 
suggest  that  forms  should  be  designed  for  the  pressure  exerted  by  a  fluid 
weighing  80  or  85  pounds  per  cubic  foot,  and  this  value  has  been  used 
to  some  extent.  Taylor  and  Thompson,  in  their  book  entitled  "Con- 
crete Costs"  (1912  edition),  give  tables  for  the  design  of  forms  on  page 
607  et  seq.  They  adopt  as  a  basis  the  results  obtained  by  Major  F.  R. 
Shunk  in  1908,  and  reported  in  the  preceding  references  to  Engineering 
News  of  September  9,  1909,  and  to  Engineering  Record  of  January  15, 
1910.  Major  Shunk's  tests  were  made  on  very  wet  concrete,  and  took 
into  account  the  effects  of  variations  in  temperature  and  in  the  rate  at 
which  the  forms  were  filled  up.  They  probably  afford  the  best  data  on 
the  subject  at  present  obtainable. 

Fig.  37vv  presents  the  results  of  these  tests  in  a  form  somewhat 
better  suited  for  direct  use  than  that  given  in  "Concrete  Costs,"  as  it 
enables  the  unit  pressure  at  any  distance  below  the  top  of  the  concrete 
to  be  determined.  The  dotted  curves  were  drawn  in  by  extending  Major 
Shunk's  diagram,  and  they  probably  give  pressures  that  are  too  great. 
The  full  curve  extending  nearly  to  the  top  of  each  diagram  was  derived 
from  the  tests  reported  by  the  Aberthaw  Construction  Co.  in  Engi- 
neering  News  of  August  14,  1913.  These  tests  were  made  on  two  hooped 
columns  twenty  (20)  feet  high  and  twenty  (20)  inches  square  in  a  build- 
ing under  construction,  with  ordinary  working  conditions,  the  concrete 
being  fairly  wet.  One  column  was  filled  in  9  minutes  and  the  other  one 
in  14  minutes,  so  that  the  rates  of  filling  were  about  130  feet  and  85  feet 
per  hour,  respectively.  The  results  from  the  two  cases  checked  closely, 
and  indicated  nearly  full  fluid  pressure  at  a  point  eighteen  (18)  feet  below 
the  tops  of  the  columns. 

The  curves  of  Fig.  37vv  are  drawn  for  temperatures  of  40  degrees, 
60  degrees,  and  80  degrees.  For  intermediate  temperatures,  the  pressures 
can  be  interpolated.  Major  Shunk's  article  gives  no  data  for  tempera- 
tures above  80  degrees  or  below  40  degrees.  It  is  probable  that  for 
temperatures  exceeding  80  degrees  there  is  no  great  reduction  in  pressure, 
but  a  considerable  increase  for  temperatures  below  40  degrees.  For  a 
temperature  just  above  32  degrees  the  setting  would  proceed  so  slowly 
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that  nearly  full    fluid  pressure  could   be  expected,  unless   the   rate   of 
filling  were  very  slow. 
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Pressure  of  Wet  Concrete  on  Forms. 


Major  Shunk's  tests  were  criticized  in  some  of  the  articles  above  re- 
ferred to,  it  being  pointed  out  that  forms  designed  for  the  pressure  of  a 
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fluid  w(>ighing  eighty  (80)  or  eighty-five  (85)  pounds  per  cubic  foot  have 
given  satisfaction  in  many  instances.  It  will  be  noted,  however,  that 
Major  Shuuk's  tests  indicate  values  but  little  greater  than  these  for  usual 
worldng  conditions,  so  that  the  above  objection  carries  no  weight.  Major 
Shunk's  curves  take  into  account  the  main  factors  which  enter  into  the 
problem;  and  their  use  is,  therefore,  to  be  preferred  to  the  other  method, 
which  makes  the  strength  of  the  forms  independent  of  the  rate  of  pouring 
and  of  the  temperature. 

After  the  unit  pressure  on  the  forms  has  been  determined,  they  must 
be  tested  for  both  strength  and  stiffness.  The  tables  previously  referred 
to  on  page  607  et  seq.  of  Taylor  and  Thompson's  "Concrete  Costs"  can 
be  used  to  advantage  for  this  purpose.  The  values  given  therein  limit 
the  unit  stress  to  1,200  pounds  per  square  inch,  and  the  deflection  to  j^-g". 
which  amounts  are  entirely  satisfactory.  Fig.  IQh  in  this  treatise  can 
also  be  utilized  for  the  design  of  forms. 

Especial  cai-e  must  be  given  to  the  designing  of  forms  for  columns  and 
thin  walls  in  which  the  concrete  will  be  filled  up  rapidly. 

Forms  should  ordinarily  be  constructed  of  yellow  pine  or  Douglas  fir. 
White  pine  is  best  for  nice  work  and  where  a  good  deal  of  framing  is 
required.  Metal  forms  can  be  employed  to  advantage  when  they  can  be 
used  a  great  many  times,  as  in  handrails,  column  capitals,  and  ornamental 
details.  The  sheathing  for  slab  forms  and  side  forms  of  girders  should 
be  1"  thick.  Stock  1}4"  thick  is  best  for  columns,  and  2"  thick  for  arch 
ribs  and  the  bottom  forms  of  girders. 

The  two  sides  of  a  form  should  be  secured  to  each  other  by  bolts  or 
wire.  The  use  of  shores  is  not  so  satisfactory,  since  they  are  likely  to 
settle.  Bolts  should  be  well  greased  or  enclosed  in  tin  or  pasteboard 
tubes,  so  that  they  can  be  withdrawn  after  the  concrete  has  set.  The 
holes  should  then  be  filled  up  with  grout.  Cutting  off  the  bolts  near 
the  surface  of  the  concrete  is  not  advisable ;  but  if  for  any  reason  it  should 
be  necessary,  they  should  be  cut  ofT  at  least  one  inch  back  from  the  face 
of  the  concrete. 

Forms  must  be  tight  enough  to  prevent  leakage.  The  use  of  tongued- 
and-grooved  lumber  or  ship-lap  is  good  from  this  standpoint.  Auger-holes 
or  large  cracks  should  be  plugged  with  timber,  and  the  surfaces  then 
planed.  Small  cracks  can  be  plugged  with  very  stifT  clay.  Wetting  the 
forms  thoroughly  a  short  time  before  concreting  begins  will  swell  the 
timber  and  close  up  small  cracks. 

The  forms  for  surfaces  exposed  to  view  must  be  constructed  of  lumber 
of  uniform  thickness,  dressed  on  at  least  the  side  next  to  the  concrete. 
The  use  of  tongued-and-grooved  stock  will  give  the  best  results;  and  ship- 
lap  is  better  than  plain  lumber.  The  latter  can  be  employed  when  the 
surface  of  the  concrete  is  to  be  treated  after  the  forms  are  removed,  or 
when  the  appearance  is  not  of  great  importance;  but  in  other  cases  ship- 
lap  or  tongued-and-grooved  stock  should  be  adopted.     Plain  lumber  must 
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be  dressed  on  the  edges.  The  specifications  for  any  structure  should 
state  clearly  the  kind  of  form-lumber  that  will  be  required.  Bevel  strips 
should  ordinarily  be  used  at  all  sharp  corners  of  the  forms — either  re- 
entrant or  salient. 

In  constructing  forms  at  expansion  joints,  care  must  be  taken  to  see 
that  all  portions  can  be  removed  after  the  concrete  is  poured.  Vertical 
boards  employed  to  form  the  expansion  openings  in  slabs  should  be  wrapped 
in  tar-paper,  and,  pr*!;ferably,  tapered  slightly.  For  deep  expansion  open- 
ings at  the  ends  of  large  girders,  a  metal  form  is  best.  On  the  Twelfth 
Street  Traffic  way  at  Kansas  City,  Mo.,  these  openings  were  over  eleven 
(11)  feet  deep.  The  contractor  used  13^-inch  square  bars,  well  greased. 
They  were  withdrawn  the  day  after  the  concrete  was  poured,  as  it  was 
found  very  difficult  to  get  them  out  if  they  were  left  in  place  for  a  longer 
time.  Care  must  be  taken  to  see  that  expansion  openings  are  not  allowed 
to  fill  up  with  dirt  before  the  specified  filling — usually  asphalt — is  put  in 
place. 

Bulkheads  for  construction  joints  in  slabs  and  girders  should  be  ver- 
tical. In  slabs  they  are  best  made  of  boards  running  horizontally  and 
notched  down  over  the  reinforcing  bars.  For  girders,  boards  running 
vertically  will  generally  be  used.  Keys  can  be  formed  by  blocks  or  boxes 
nailed  to  the  bulkhead;  and  these  should  be  tapered  so  that  they  can 
be  easily  withdrawn.  The  keys  must  be  arranged  so  as  to  prevent  both 
horizontal  and  vertical  displacement.  They  must  not  be  too  large,  no 
dimension  exceeding  one-third  of  the  corresponding  dimension  of  the  girder 
being  permissible.  At  horizontal  construction  joints,  similar  keys  can  be 
constructed,  or  else  large  stones  can  be  used  for  this  purpose. 

Construction  joints  should  be  located  only  at  such  points  as  the  engineer 
may  designate. 

The  engineer  must  check  over  the  forms  carefully  after  they  are  con- 
structed, to  see  that  all  dimensions  are  correct. 

The  contractor  should  submit  to  the  engineer  complete  working  draw- 
ings showing  the  arrangement  of  the  reinforcing  bars  and  the  location  of 
the  splices;  and  these  should  be  checked  carefully.  The  reinforcement 
should  be  thoroughly  inspected  after  it  is  in  place,  to  see  that  the  plans 
have  been  adhered  to  in  every  respect,  and  that  the  bars  are  securely 
fastened  against  displacement.  The  surfaces  of  the  bars  should  be  free 
from  grease,  dirt,  oil,  paint,  or  scaly  rust.  A  small  amount  of  rust  which 
is  neither  scaly  nor  flaky  is  not  objectionable. 

The  bottom  reinforcement  of  slabs  should  be  supported  by  special 
clips  or  by  small  cement  blocks.  The  former  are  better,  as  the  blocks 
frequently  crumble.  The  supports  should  be  spaced  so  closely  that  the 
bars  will  not  bend  down  appreciably  under  the  weight  of  a  man.  Bent- 
up  bars,  when  used,  will  generally  support  the  top  steel  well  enough; 
otherwise  some  form  of  spider  must  be  adopted  for  this  purpose.  Placing 
the  top  steel  after  the  concrete  has  been  poured  should  not  be  permitted. 
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Bars  should  be  securely  wired  or  clipped  to  each  other  at  all  intersections. 

The  bottom  reinforcement  of  girders  can  be  supported  by  stirrups, 
by  concrete  blocks,  or  by  form  bolts  as  shown  on  page  501  of  Taylor  and 
Thompson's  "Concrete  Costs"  (1912  edition).  Where  more  than  one 
layer  of  bars  is  used,  each  upper  layer  should  be  supported  on  short  pieces 
of  pipe  resting  on  the  layer  of  bars  beneath,  as  shown  in  the  detail  last 
referred  to.  The  top  steel  will  be  supported  to  some  extent  by  the  bent-up 
bars  and  by  the  slab  reinforcement;  and  additional  support  can  be  pro- 
vided by  suspending  the  bars  by  wire  from  timbers  resting  on  the  forms. 
The  main  bars,  cross  bars,  and  stirrups  should  be  securely  wired  to  each 
other  at  all  intersections. 

The  steel  in  arch  ribs  can  be  supported  in  much  the  same  manner 
as  that  in  girders.  The  top  reinforcement  can  be  carried  by  cross- 
timbers  resting  on  the  forms. 

The  steel  in  column  footings  can  best  be  supported  on  concrete  blocks. 
The  bars  should  be  wired  at  their  intersections. 

The  longitudinal  bars  in  columns  should  be  wired  to  the  bands  or 
hoops  to  form  a  unit  frame.  This  frame  must  then  be  secured  against 
displacement. 

Expansion  shoes  and  plates  should  be  placed  to  exact  position,  and 
the  sliding  surfaces  thoroughly  coated  with  a  thick  grease  containing  a 
lubricant  such  as  graphite  or  mica.  All  surfaces  of  the  concrete  in  contact 
at  expansion  joints  must  have  two  layers  of  tar  paper  between  them. 

The  mixing  of  concrete  requires  careful  supervision  at  all  times. 
Enough  water  should  be  used  to  ensure  that  the  coriicrete  will  work 
around  the  reinforcement  properly;  but  the  amount  should  be  kept 
as  small  as  is  consistent  with  this  result,  because  an  excess  of  water 
lowers  the  strength  of  the  concrete  considerably.  Each  batch  must  be 
kept  in  the  mixer  until  it  is  thoroughly  mixed.  Especial  attention  should 
be  given  to  this  point  when  thin  walls  or  other  small  sections  are  being 
poured. 

Concreting  in  freezing  weather  is  rarely  advisable.  It  should  be  per- 
mitted only  when  the  constituent  materials  are  heated  well  above  the 
freezing  point,  and  when  provision  is  made  to  keep  the  concrete  from 
freezing  until  after  it  has  thoroughly  set.  The  use  of  salt  is  not  advisable, 
as  it  increases  the  danger  of  electrolytic  action. 

The  placing  of  concrete  requires  constant  inspection.  Forms  must 
always  be  cleaned  out  and  thoroughly  wet  before  the  concreting  begins; 
and  where  fresh  concrete  is  to  be  placed  against  old  concrete,  all  laitance 
should  be  removed  therefrom,  and  the  old  surface  wetted  and  covered 
with  a  thin  grout  consisting  of  one  part  of  cement  and  two  parts  of  sand. 
If  the  old  concrete  has  stood  for  several  days,  it  will  be  best  to  roughen 
its  surface  with  a  pick  before  applying  the  grout. 

The  concrete  should  be  transferred  from  the  mixer  to  the  forms  as 
quickly  as  possible,  and  in  such  a  manner  that  no  segregation  of  the 
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materials  will  occur.  It  should  not  be  allowed  to  drop  into  the  forms 
from  any  considerable  height — never  more  than  eight  (8)  feet,  and  pref- 
erably not  more  than  two  (2)  feet.  The  use  of  chutes  or  tremies  is  always 
advisable;  and  for  high  walls  or  colmnns  they  are  necessary.  The  con- 
crete should  be  worked  around  the  reinforcement  thoroughly;  and  it 
should  be  well  spaded,  especially  next  to  the  forms.  The  bars  in  the 
bottoms  of  slabs  should  be  picked  up  slightly  and  shaken  by  means  of 
pick-up  bars;  and  all  other  bars  should  be  shaken,  particularly  in  columns. 
At  construction  joints,  the  concrete  should  not  be  spaded,  but  the  surfaces 
should  be  left  rough.  The  formation  of  laitance  should  be  prevented  as 
far  as  possible,  and  any  that  occurs  should  be  removed  before  it  has  time 
to  harden. 

In  order  to  be  certain  that  slabs  are  poured  to  the  proper  thickness, 
screeds  of  some  sort  should  be  used,  on  the  top  of  which  templates  can 
be  placed.  These  screeds  should  be  removed  as  soon  as  the  concreting  is 
finished. 

The  method  of  concreting  an  arch  rib  will  depend  upon  its  size.  For 
small  spans,  it  will  be  satisfactory  to  pour  consecutively  from  both  abut- 
ments to  the  centre,  making  construction  joints  if  necessary;  but  for  a 
large  span,  such  a  procedure  is  likely  to  cause  the  falsework  to  settle 
unevenly,  and  to  produce  cracks  in  the  concrete  first  poured.  For  such 
ribs  it  is  best  to  divide  the  arch  up  into  several  sections  by  means  of  bulk- 
heads placed  at  right  angles  to  the  axis  of  the  rib.  Alternate  sections  are 
then  poured  in  such  order  as  to  keep  the  load  on  the  falsework  somewhat 
uniform.  The  remaining  sections  are  then  concreted,  the  one  at  the 
crown  being  the  last.  Descriptions  of  construction  work  of  this  nature 
can  be  found  in  a  paper  on  the  233-foot  arch  span  of  the  Walnut  Lane 
Bridge  at  Philadelphia  in  Vol.  LXV  of  the  Trans.  Am.  Soc.  C.  E.,  and 
in  an  article  in  Engineering  Record  of  January  2,  1910,  on  the  280-foot 
Rocky  River  arch  at  Cleveland,  Ohio.  In  the  case  of  a  solid-barrel  arch, 
the  rib  can  be  divided  into  two  or  more  longitudinal  strips  by  bulkheads, 
and  the  various  strips  concreted  separately. 

After  concrete  has  been  poured,  workmen  should  not  be  permitted 
to  walk  on  it  for  at  least  twenty-four  (24)  hours.  In  hot  weather,  slabs 
should  be  thoroughly  wetted  two  or  three  times  a  day  for  a  week  after 
pouring.     Workmen  should  not  be  allowed  to  build  fires  on  slabs. 

The  proper  time  for  the  removal  of  forms  is  a  more  or  less  uncertain 
matter,  as  there  are  many  variable  factors  entering  into  it.  In  general, 
it  may  be  said  that  forms  can  be  removed  from  vertical  members  more 
quickly  than  from  horizontal  ones,  from  slabs  and  girders  of  short  span 
more  quickly  than  from  those  of  longer  span,  and  more  quickly  in  hot 
weather  than  in  cold  weather.  If  concrete  becomes  frozen  while  green, 
the  forms  should  be  left  on  for  a  long  time  after  it  has  thawed  out,  as  the 
hardening  process  is  likely  to  proceed  very  slowly.  In  the  author's  prac- 
tice, slab  forms  and  the  side  forms  of  girders  have  been  left  on  about 
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one  week  in  warm  weather,  and  two  weeks  in  cold  weather.  The  false- 
work under  ordinary  girders  has  been  kept  in  place  about  two  weeks  in 
warm  weather,  and  in  cold  weather  a  month  or  more;  l)ut  for  long,  heavy 
spans  a  somewhat  greater  time  has  been  allowed.  The  forms  for  small 
columns  have  been  left  on  for  a  few  days  in  warm  weather,  and  for  a 
week  in  cold  weather;  while  for  large,  tall  columns,  they  have  been  re- 
moved in  about  the  same  time  as  have  slab  forms.  The  falsework  for 
small  arches  has  been  left  in  place  about  as  long  as  that  for  ordinary 
girders;  but  for  long,  heavy  arches  it  has  not  been  removed  until  after 
considerably  more  time  has  elapsed. 

The  periods  given  above  are  to  be  regarded  as  merely  approximate, 
and  should  not  be  used  blindh'.  The  rate  at  which  concrete  attains  its 
strength  A^ill  be  found  to  varj^  considerably  on  different  jobs,  even  when 
the  temperatures  are  the  same,  due  to  differences  in  both  the  cement 
and  the  aggregates,  and  also  in  the  mixing  and  placing.  In  particular, 
an  excess  of  water  will  retard  the  hardening  process  considerably. 

The  hardness  of  concrete  can  be  told  to  some  extent  bj'  striking  it 
with  a  hammer.  If  this  gives  a  clear  ring,  the  concrete  is  probably  pretty 
well  set  up. 

The  most  satisfactory  method  of  determining  the  proper  time  for  the 
removal  of  forms  is  to  make  test  specimens  in  addition  to  those  for  the 
standard  tests,  keep  them  under  the  same  conditions  as  the  concrete  in 
the  structure,  and  then  have  them  broken  at  the  time  it  is  proposed  to 
remove  the  forms.  This  method  was  followed  on  the  Rocky  River  Bridge 
mentioned  previously.  A  few  such  tests,  made  in  connection  with  the  more 
important  members  of  the  structure,  will  prove  sufficient,  unless  the 
results  are  erratic. 

The  surface  finish  of  reinforced  concrete  work  is  verj'  important.  A 
good  discussion  of  this  question  is  to  be  found  in  the  1915  Report  of  Com- 
mittee on  Masonrv'  of  the  American  Railway  Engineering  Association. 
(See  Proceedings  for  1915,  page  800.) 

Specifications  for  Design 

1.  Classification  of  Bridges. 

As  regards  these  specifications,  all  structures  will  be  dix-ided  into  three 
general  classes:  steam  railwaj'  bridges,  electric  railway  bridges,  and  high- 
way bridges.  Highway  bridges  will  be  di\'ided  into  three  classes,  viz.: 
Class  A,  which  includes  those  that  are  subject  to  the  continued  appli- 
cation of  hea\y  loads;  Class  B,  which  includes  those  that  are  subject  to 
the  occasional  application  of  heavy  loads;  and  Class  C,  which  includes 
those  for  ordinary,  fight  traffic.  In  general  it  may  be  stated  that  bridges 
of  Class  A  are  for  densely  populated  cities,  those  of  Class  B  for  smaUer 
cities  and  manufacturing  districts,  and  those  of  Class  C  for  country  roads. 

Elevated  railway  structures  will  be  considered  as  electric  railway 
structures. 


f: 
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Loads 

2.  Loads  for  Steam  and  Electric  Railway  Bridges.  ■■' 

Steam  railway  and  electric  railway  bridges  are  to  be  designed  to 
sustain  properly  the  stresses  produced  in  them  by  any  of  the  following 
loads,  or  by  any  combination  of  them  which  may  reasonably  be  expected 
to  occur: 

A.  Live  Load, 

B.  Impact  load. 

C.  Dead  load. 

D.  Effects  of  arch  shortening  (for  arches  only). 

E.  Wind  load. 

F.  Traction  load. 

G.  Centrifugal  load. 
H.  Effects  of  changes  of  temperature. 

3.  Loads  for  Highway  Bridges. 
The  loads  to  be  considered  in  designing  highway  bridges  are  as  follows; 

and  all  parts  of  such  structures  are  to  be  designed  to  sustain  properly 
the  greatest  stresses  produced  therein  for  all  reasonable  combinations  of 
the  various  loadings,  excepting  only  that  the  live  load  and  the  wind  load 
are  not  to  be  assumed  to  act  simultaneously: 

A.  Live  load. 

B.  Impact  load. 

C.  Dead  load. 

D.  Effects  of  arch  shortening  (for  arches  only). 

E.  Wind  load. 

F.  Effects  of  changes  of  temperature. 

4.  Live  Loads  for  Steam  and  Electric  Railway  Bridges. 
The  live  loads  to  be  used  in  designing  any  steam  railway  structure 

shall  be  taken  from  Figs.  66,  6c,  6c?,  and  6e,  and  those  for  designing  any 
electric  railway  structure,  from  Figs.  6/  to  6n,  inclusive.     The  equivalent 
live  loads  are  to  be  used  in  making  stress  computations  instead  of  the  j 
actual  wheel  concentrations. 

In  case  electric  railway  tracks  are  carried  on  bridges  which  also  ac- 
commodate highway  traffic,  the  live  load  on  each  track  is  to  be  assumed 
to  occupy  a  space  ten  (10)  feet  wide  to  the  exclusion  of  other  live  loads. 

5.  Ldve  Loads  for  Highway  Bridges. 

The  uniformly  distributed  live  loads  per  square  foot  of  floor,  including 
the  entire  clear  widths  of  both  main  roadways  and  footwalks,  shall  be 
taken  from  the  curve  diagram  shown  in  Fig.  6o;  and  the  concentrated 
live  loads  shall  be  taken  from  Fig.  6p.  The  concentrated  loads  are  to 
be  considered  to  occupy  a  whole  panel  length  of  the  main  roadway  to  the 
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exclusion  of  any  other  live  loads  (excepting  only  the  electric  railway  load). 
For  roadways  less  than  thirty  (30)  feet  wide,  only  one  concentrated  load 
shall  be  used;  and  for  roadways  thirty  (30)  feet  or  more  in  width,  two 
concentrated  loads  shall  be  adopted.  It  will  be  permissible  to  use  a  lighter 
class  of  loading  for  the  footwalks  of  a  structure  than  for  the  main  roadway 
thereof. 

In  the  case  of  bridges  with  a  portion  of  the  roadway  or  sidewalks 
carried  on  cantilevers  projecting  beyond  the  longitudinal  girders  or  arch 
ribs  on  both  sides  of  the  bridge,  the  overhanging  portion  on  one  side 
only  is  to  be  considered  loaded  when  designing  the  longitudinal  girders 
or  arch  ribs,  in  case  the  loaded  length  is  one  hundred  (100)  feet  or  less; 
but  for  greater  loaded  lengths  the  entire  width  of  the  structure  is  to  be 
considered  loaded.  Floor-beams  of  such  structures  are  to  be  propor- 
tioned, first,  on  the  assumption  that  the  centre  portion  is  loaded  with 
either  one  or  both  of  the  overhanging  portions  empty;  and  second,  on 
the  assumption  that  the  overhanging  portions  are  loaded  and  the  centre 
portion  is  empty.  Due  account  is  to  be  taken  of  the  reversing  stresses 
produced  by  the  above  loadings. 

6.  Impact  Loads. 

For  steam  railway  bridges  the  impact  coefficients  are  to  be  found  by 
the  formula, 

165 


I  = 


nL+  150' 


where  n  is  the  number  of  tracks  and  L  is  the  portion  of  the  span  length 
which  must  be  covered  by  the  moving  load  in  order  to  produce  the  maxi- 
mum stress  on  the  piece  under  consideration.     Fig.  7c  shows  curves  com- 
puted from  the  above  formula  for  one,  two,  three,  and  four  tracks. 
The  corresponding  formula  for  electric  railway  bridges  is 

120 
~  nL  -\-  175' 

and  Fig.  7d  gives  the  corresponding  curves. 
For  highway  bridges  the  formula  is 

100 
~  nL  -\-  200' 

In  this  case  n  is  equal  to  the  total  clear  width  of  roadway  and  footwalks 
in  feet  divided  by  twenty  (20).  Fig.  7e  shows  the  corresponding  curves 
for  n  =  1,  n  =  2,  n  =  3,  and  n  =  4.  In  case  that  the  value  of  n  be 
fractional,  the  impact  can  be  found  by  interpolation.  There  is  to  be  no 
impact  for  road-roller  loading. 

7.  Dead  Loads. 

The  dead  load  for  any  member  of  a  structure  is  to  include  the  weight 
of  all  permanent  portions  of  the  structure  carried  thereby.     The  unit 
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weights  of  various  materials  can  be  taken  from  paragraph  39  of  Chapter  I 

LXXVIII.     Reinforced   concrete   will    ordinarilj'  be   assumed   to  weigh  ' 

150  pounds  per  cubic  foot,  including  the  weight  of  the  steel.     Under  or-  s 

dinary  climatic  conditions,  in  reinforced  concrete  bridges  no  provision  need  j 
be  made  for  a  snow  load. 

8.  Effects  of  Arch  Shortening.  \ 
The  stresses  produced  in  an  arch  rib  by  the  shortening  of  the  rib  are 

to  be  figured  on  the  assumption  that  the  rib  is  loaded  with  dead  load  plus     i 
half  live  load  plus  half  impact  load  over  the  entire  span.  t 

9.  Wind  Loads.  | 
For  the  unloaded  structure,  the  wind  load  shall  be  assumed  as  forty     I 

(40)  poimds  per  square  foot  of  exposed  area,  which  area  shall  be  taken 
as  that  seen  in  elevation,  plus  fifty  (50)  per  cent  of  all  areas  normal  to 
the  direction  of  the  wind  and  shielded  by  other  portions  of  the  structure. 

For  loaded  steam-railway  structures,  the  wind  load  shall  be  assumed 
as  thirty  (30)  pounds  per  square  foot  of  exposed  area,  plus  a  pressure  of 
three  hundred  (300)  pounds  per  lineal  foot  on  the  train  applied  at  a  height 
of  eight  (8)  feet  above  the  base  of  rail. 

For  loaded  electric-railway  structures,  the  wind  loads  are  to  be  taken 
as  eight-tenths  (/(o)  of  those  specified  for  loaded  steam-railway  structures. 

The  wind  load  will  not  be  assumed  to  act  in  conjunction  with  either 
the  uniformly  distributed  or  the  concentrated  highway  live  loads. 

All  wind  loads  are  to  be  treated  as  moving  loads.  No  percentage  for 
impact  is  to  be  added  to  wind  loads. 

10.  Traction  Loads. 
The  total  traction  load  on  any  portion  of  a  structure  is  to  be  taken 

as  a  certain  percentage  of  the  greatest  live  load  that  can  be  placed  on 
that  portion  of  the  said  structure.  For  electric-railway  bridges  this  per- 
centage is  to  be  taken  as  twenty  (20) ;  and  for  steam-railway  bridges  it  is 
to  be  determined  by  the  formula, 

^  =  TT^rJ'  ^'^^  '^max  =  20  and  T^in  =  10, 
140  +  L 

where       T  =  percentage, 

and  L  =  loaded  length  in  feet. 

The  values  of  T  may  be  taken  from  Fig.  9e. 

Highway  loads  are  not  to  be  considered  to  produce  any  traction  load. 

No  percentage  for  impact  is  to  be  added  to  traction  loads. 

11.  Centnfugal  Loads. 
Tlie  centrifugal  load  for  steam-  or  electric-railway  bridges  is  to  be  com- 
puted by  the  formula, 

WV~ 

ry  
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where  C  is  the  coiitrifup;;il  load  p(T  lineal  foot,  W  is  the  equivalent  live 
load  per  lineal  foot,  R  is  the  radius  of  the  curve  in  feet,  and  V  is  the  greatest 
probable  velocity  of  the  train,  to  be  determined  by  the  formula, 

F  =  60  -  2.5  D, 

where  D  is  the  degree  of  curvature.  The  values  of  C  for  curves  up  to 
twenty  (20)  degrees  can  be  readily  determined  from  Fig.  86. 

All  portions  of  the  structure  affected  by  the  centrifugal  load  are  to  be 
figured  to  carry  properly  the  stresses  induced  by  the  said  load  in  addi- 
tion to  all  other  stresses  to  which  they  may  be  subjected.  It  is  to  be 
assumed  as  applied  five  (5)  feet  above  the  base  of  rail,  the  average  centre 
of  gravity  of  the  moving  load. 

Highway  loads  are  not  to  be  considered  as  producing  centrifugal  loads. 

No  percentage  for  impact  is  to  be  added  to  centrifugal  loads. 

12.  Effects  of  Changes  of  Temperature. 

The  stresses  produced  in  all  parts  of  a  structure  by  a  rise  in  tempera- 
ture of  thirty  (30)  degrees  Fahrenheit  and  by  a  fall  of  fifty  (50)  degrees 
Fahrenheit  must  be  properly  figured. 

Working  Stresses 

13.  Compressive  Strength  of  Concrete. 

The  ultimate  compressive  strength  of  concrete,  as  developed  at  the 
age  of  sixty  (60)  days  in  cylinders  sixteen  (16)  inches  long  and  eight  (8) 
inches  in  diameter,  is  to  be  assumed  in  accordance  with  the  values  given 
in  Table  37q. 

TABLE  37? 
Strengths  of  Various  Concrete  Mixtures 
(In  Pounds  per  Square  Inch) 


Proportions 

Aggregate 

1:1:2 

1  :  1 J,^  :  3 

1:2:4 

1:3:5 

Granite  and  trap  rock 

3,300 

3,000 

2,200 

800 

2,800 

2,500 

1,800 

700 

2,200 

2,000 

1,500 

600 

1,600 

Gravel,  hard  Umestone,  and  hard  sandstone .  . 
Soft  limestone  and  sandstone 

1,400 

1,100 

Cinders 

400 

Ordinarily,  1:2:4  concrete  should  be  used  for  reinforced  concrete 
structures,  and  its  ultimate  strength,  found  as  above,  should  be  taken 
as  2,000  pounds  per  square  inch;  Ijut  a  lower  value  should  be  adopted, 
if  it  is  possible  that  soft  rock  will  have  to  he  used  for  the  aggregate. 

The  use  of  cinder  concrete  for  first-class  construction  should  be  for- 
bidden. 
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TABLE  37r 
Intensities  of  Working  Stresses  for  Concrete 


Kind  of  Stress 


Working  Stresses 


In  Per  Cent 

of  Ultimate 

Compressive 

Strength 


In  Pounds  per 

Sq.  In.  for 

Ordinary 

1-2-4  Concrete 


Compression  on  concrete  in  extreme  fibres  of  beams  and 
slabs,  in  general 

Compression  on  concrete  in  extreme  fibres  of  continuous 
beams  at  supports 

Axial  compression  on  concrete  in  columns  without  hooping 
containing  from  one  (1)  to  four  (4)  per  cent  of    longi- 
tudinal steel,  due  to  direct  loads  only: 
/* 

T<'' 

-^  >  12  and  <  20 

0 

Compression  on  concrete  in  columns  without  hooping  con- 
taining from  one  (1)  to  four  (4)  per  cent  of   longitudinal 
steel,  due  to  direct  loads,   and  to  bending  caused  by 
eccentric  loads  and  deflections  of  girders: 
I 


^<I2. 


I' 


>  12  and  <  20. 


Axial  compression  on  the  core  of  hooped  columns  in  which 
the  hooping  amounts  to  at  least  one  (1)  per  cent  of  the 
volume  of  the  enclosed  core  and  having  from  one  (1)  to 
four  (4)  per  cent  of  longitudinal  steel,  due  to  direct 
loads  only: 
I 


T< 


I* 


>  8  and  <  20. 


Compression  on  the  core  of  hooped  columns  in  which  the 
hooping  amounts  to  at  least  one  (1)  per  cent  of  the 
volume  of  the  enclosed  core  and  having  from  one  (1)  to 
four  (4)  per  cent  of  longitudinal  steel,  due  to  direct 
loads,  and  to  bending  caused  by  eccentric  loads  and 
deflections  of  girders: 
I* 


< 


4  >  8  and  <  20. 

0 


Bearing  on  concrete 

Shear  (diagonal  tension)  on  concrete  in  beams  with  hori- 
zontal rods  only  and  without  web  reinforcement 

Shear  (diagonal  tension)  on  concrete  in  beams  having  at 
least  one-half  of  the  tension  reinforcement  bent  up  in 
the  region  of  maximum  shear,  but  no  other  web  reinforce- 
ment   

Shear  (diagonal  tension)  on  concrete  in  beams  having  web 
reinforcement  of  stirrups  or  inchned  bars  calculated  to 
carry  all  of  the  shearing  stress  exceeding  forty  (40) 
pounds  per  square  inch 

Pure  shear  on  concrete  uncombined  with  diagonal  tension 

Bond  stress  between  concrete  and  plain  bars 

Bond  stress  between  concrete  and  deformed  bars 

Bond  stress  between  concrete  and  threaded  bars 

Bond  stress  between  concrete  and  drawn  wire 


30 
35 


20 


32- 


25 


''-T 


30 

42-^ 
^"^    2  6 


35 


47-7 


31 


26 


30 


6 
6 
4 
5 
10 


600 
700 

400 


640- 20 -r- 

0 


500 
740-20 


600 
840-  30  -^ 

0 


700 
940-  3o4- 

0 

600 
40 


60 


120 
120 

80 
100 
200 

40 


*l  =  unsupported  length. 
6  =  least  outside  dimension  of  column  without  hooping,  or  diameter  of  core  for  hooped  column. 
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14.  Tntenfiid'cs  of  Worki n(i-S(resses. 

The  intonsitios  of  working  stresses  for  concrete  shall  be  as  specified  in 
Table  Sir.  They  are  given  in  percentages  of  the  ultimate  compressive 
strength  at  sixty  (00)  days,  and  also  in  pounds  per  square  inch  for  ordi- 
nary 1:2:4  concrete  in  which  the  said  ultimate  strength  is  2,000  pounds 
per  square  inch. 

The  inttMisitics  of  working-stresses  for  reinforcing  steel  shall  l^e  taken 
as  follows,  in  pounds  per  square  inch: 

Tension  or  compression  on  steel  in  main  reinforcement. . .    16,000 
Tension  on  steel  in  web  reinforcement 12,000 

The  intensities  of  working  stresses  for  other  materials  shall  be  as 
specified  in  paragraphs  48  and  49  of  Chapter  LXXVIII. 

The  intensities  given  in  this  paragraph  shall  not  be  exceeded,  except 
as  specified  in  Paragraph  17. 

15.  Coefficients  of  Elasticity  for  Concrete  and  Steel. 

The  coefficient  of  elasticity  of  concrete  shall  be  assumed  to  have  the 
values  given  in  Table  37s  when  making  stress  calculations;  and 

TABLE  37s 

Coefficients  of  Elasticity  of  Concrete 

(For  use  in  Making  Stress  Calculations) 


Ultimate  Strength. 
Pounds  per  Sq.  In. 


Coefficient  of  Elasticity. 
Pounds  per  Sq.  In. 


2,200  or  less... 
2,200  to  2,900. 
2,900  or  more. 


2,000,000 
2,500,000 
3,000,000 


for  the  purpose  of  figuring  deflections,  it  shall  be  taken  as  3,750,000  pounds 
per  square  inch. 

The  coefficient  of  elasticity  of  steel  shall  be  taken  as  30,000,000  pounds 
per  square  inch. 

The  value  of  n,  or  the  ratio  of  the  coefficient  of  elasticity  of  steel  to 
that  of  concrete,  will,  therefore,  be  taken  as  15  for  ordinary  1:2:4 
concrete. 

16.  Combinations  of  Stresses. 

For  various  combinations  of  the  stresses  produced  by  the  loads  speci- 
fied in  Paragraphs  2  and  3,  the  intensities  of  working  stresses  given  in 
Paragraph  14  may  be  increased  by  the  percentages  given  in  Table  S7t. 

Design 

17.  Fundamental  Assumptions  for  Designing. 

Calculations  shall  be  made  with  reference  to  working  stresses  and  safe 
loads,  rather  than  with  reference  to  ultimate  stresses  and  ultimate  loads. 
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TABLE  37t 

Increases  ix  Ixtexsities  of  Working  Stresses 

FOR  Various  Combinations  of  Loadings 


Case 
No. 


I    Percentage 
Loading  Increase  in 

Intensities 


Any  loading  singly 0 

Dead  load  combined  with  any  other  one  load 0 

Any  combination  of  live  load,  impact  load,  dead  load,  arch  shortening 

effect,  and  centrifugal  load 

Case  No.  3,  combined  with  either  wind  load,  traction  load,  or  effect 

of  change  of  temperatm^e 30 

Case  No.  3,  combined  with  either  wind  load  plus  traction  load,  wind 

load  plus  effect  of  change  of  temperature,  or  traction  load  plus! 

change  of  temperature I         40 

Case  No.  3,  combined  with  wind  load  plus  traction  load  plus  effect 

of  change  of  temperature I         50 


A  section  plane  before  bending  remains  plane  after  bending. 

The  coefficient  of  elasticity  of  concrete  in  compression,  within  the 
usual  limits  of  working  stresses,  is  constant.  The  distribution  of  com- 
pressive stresses  in  beams,  therefore,  is  rectilinear. 

In  calculating  the  moments  of  resistance  of  beams,  the  tensile  stresses 
in  the  concrete  shall  be  neglected. 

Perfect  adhesion  between  the  concrete  and  the  reinforcement  is  as- 
sumed. Under  compressive  stresses,  therefore,  the  two  materials  are 
stressed  in  proportion  to  their  coefficients  of  elasticity. 

Initial  stresses  in  the  reinforcement,  due  to  contraction  or  expansion 
in  the  concrete,  are  neglected. 

18.  Effective  Lengths. 

The  effective  length  for  a  slab  or  a  beam  shall  be  taken  as  the  distance 
from  centre  to  centre  of  supports,  but  not  to  exceed  the  clear  span  plus 
the  depth  of  the  beam  or  slab.  Small  brackets  shall  not  be  considered 
to  reduce  the  clear  span  length. 

The  effective  length  of  a  column  shall  be  taken  as  its  maximum  unsup- 
ported length. 

The  springing  of  a  fixed-ended  arch  rib  shall  be  considered  to  be  lo- 
cated within  the  body  of  the  pier  or  abutment  at  a  distance  equal  to  about 
half  the  depth  of  the  rib  from  the  surface  of  the  said  abutment  or  pier, 
unless  the  section  of  the  ril:)  is  nearly  as  great  as  that  of  the  abutment  or 
pier,  in  which  case  the  springing  is  to  be  taken  somewhat  lower. 

19.  Maximum  Unsupported  Lengths  of  Columns  and  Arch  Ribs. 

The  maximum  unsupported  length  of  a  column  A\ithout  hooping  shall 
be  twenty  (20)  times  its  least  width;  and  that  of  a  hooped  colimin  shall 
be  twenty  (20)  tinu's  the  diameter  of  the  eore. 

The  nuixinunn  unbraced  length  of  an  arch  rib  iu  a  transverse  direc- 
tion shall  be  twelve  (12)  times  its  width. 
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20.  Stresscff  in  Mouolithic  Stnicturcs. 

The  stresses  in  monolithic  striu'turcs  shall  bo  figured  on  the  assump- 
tion that  perfect  continuity  exists  at  all  points  (except,  of  course,  at 
expansion  joints).  The  use  of  approximate  methods  of  calculation  will  be 
permissible;  but  the  character  of  the  stresses  at  all  sections  must  be  cor- 
rectly determined,  and  a  proper  amount  of  nnnforcement  must  be  pro- 
\ideil  for  all  sections  at  which  tension  can  possibly  occur. 

The  stresses  in  fixed-ended  arch-ribs  shall  be  computed  by  the  elastic 
theory. 

21.  T-Bcams. 

A  slab  may  be  considered  as  an  integral  part  of  a  beam  which  sup- 
ports it  only  when  there  is  an  effective  bond  between  the  said  slab  and 
beam,  and  when  there  is  reinforcement  in  the  slab  at  right  angles  to  the 
beam.  The  width  of  the  flange  shall  not  be  taken  greater  than  one-fourth 
Q4)  of  the  length  of  the  beam,  nor  shall  its  overhanging  width  on  each 
side  of  the  stem  be  taken  greater  than  four  (4)  times  the  thickness  of  the 
slab. 

When  T-beams  are  continuous  over  the  supports,  the  sections  at  the 
supports  are  to  be  figured  as  rectangular  beams. 

22.  Shear  and  Diagonal  Tension. 

The  following  sections  shall  be  considered  to  be  under  pure  shear  only: 

1.  The  section  of  a  slab  at  the  edge  of  the  load-area  of  a  concentrated 

load. 

2.  The  section  of  a  beam  or  slab  at  the  edge  of  a  support  over  which 

it  is  continuous. 
The  following  sections  shall  be  considered  to  be  under  full  diagonal 
tension : 

1.  The  section  of  a  slab  located  at  a  distance  equal  to  half  the  depth 

thereof  from  the  edge  of  the  load-area  of  a  concentrated  load. 

2.  A  section  in  the  portion  of  a  slab  or  beam  carrjdng  a  concentrated 

load  which  lies  between  the  load  and  the  support,  when  the  dis- 
tance of  the  edge  of  the  load-area  from  the  edge  of  the  support 
is  equal  to  or  greater  than  the  depth  of  the  slab  or  beam. 

3.  The  section  of  a  beam  carrying  uniform  load  located  at  a  distance 

equal  to  half  the  depth  thereof  from  the  edge  of  a  support  over 
which  it  is  continuous,  and  all  sections  from  this  point  to  the 
centre  of  the  span. 

4.  The  section  of  a  beam  or  slab  at  the  edge  of  a  support  on  which 

it  is  simply  supported,  and  all  sections  from  this  point  to  the 
centre  of  the  span. 

5.  Any  section  of  a  wall  footing  located  at  a  distance  equal  to  or 

greater  than  the  depth  thereof  from  the  face  of  the  wall. 

6.  Any  section  of  a  column  footing  located  at  a  distance  equal  to  or 
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greater  than  half  the  depth  thereof  from  the  edge  of  the  cohimn 
shaft. 

The  intensity  of  the  diagonal  tensile  stress  at  any  section  of  a  beani 
shall  be  considered  constant  from  the  tensile  reinforcement  to  the  neu- 
tral axis,  and  equal  in  value  to  the  maximum  unit  shearing  stress  on  the 
said  section.  Beyond  the  neutral  axis,  the  intensity  of  the  diagonal  ten- 
sile stress  shall  be  assumed  to  diminish  uniformly  to  zero  at  the  compres- 
sion face  of  the  beam.  Near  the  points  of  contraflexure  of  a  continuous 
beam,  it  must  be  assumed  that  either  face  may  be  the  tensile  face. 

At  points  of  maximum  diagonal  tension,  the  unit  stresses  in  the  ten- 
sile reinforcement  shall,  preferably,  be  low. 

23.  Web  Reinforcement. 

Vertical  stirrups,  when  used  as  web  reinforcement,  must  be  spaced 
not  to  exceed  half  the  depth  of  the  beam.  They  must  be  so  well  an- 
chored at  the  tension  reinforcement  that  they  can  be  considered  as  fully 
developed  at  that  point;  and  they  must  extend  to  the  compression  face 
of  the  beam,  and  be  fully  developed  between  that  point  and  the  neutral 
axis.  Near  the  points  of  contraflexure  of  continuous  beams,  they  must 
be  well  anchored  to  the  reinforcement  in  both  faces. 

Inclined  bars,  when  used  as  web  reinforcement,  must  be  spaced  (hori- 
zontally) not  to  exceed  the  depth  of  the  beam.  They  must  be  continuous 
with  the  tension  reinforcement,  or  else  must  extend  a  sufficient  distance 
along  the  tension  face  to  be  fully  developed  at  the  point  of  bending.  They 
must  extend  to  the  compression  face,  and  be  fully  developed  between 
that  point  and  the  neutral  axis.  Near  the  points  of  contraflexure  of  con- 
tinuous beams,  they  must  be  fully  developed  at  both  faces. 

When  the  arrangement  of  web  reinforcement  is  not  regular,  the  dia- 
gonal tensile  stress  between  two  adjacent  vertical  stirrups  or  rows  of 
inclined  bars  shall  be  assumed  to  be  divided  between  the  two  said  stir- 
rups or  rows  of  bars  in  proportion  to  their  respective  areas. 

24.  Minimum  Thickness  of  Concrete. 

The  minimum  thickness  of  footwalk  slabs  (exclusive  of  wearing  surface) 
shall  be  three  and  one-half  (33^)  inches,  and  that  of  roadway  slabs,  six  (6) 
inches. 

The  minimum  thickness  of  other  reinforced  concrete  members  shall 
be  nine  (9)  inches;  and,  preferably,  it  shall  be  twelve  (12)  inches  or  more. 

25.  Minimum  Spacing  and  Edge  Distances  of  Reinforcing  Bars. 

The  distance  from  centre  to  centre  of  reinforcing  bars  shall  not  be  less 
than  twice  the  diameter  of  the  coarse  aggregate  plus  the  diameter  of  the 
bars,  nor  less  than  three  times  the  diameter  of  the  bars.  The  spacing 
of  adjacent  rows  of  bars  shall  not  be  less  than  the  permissible  spacing 
of  bars  in  each  row.  The  distance  from  the  centre  of  a  reinforcing  bar 
to  the  edge  of    the  concrete    shall    not    under  any  conditions    be    less 
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than  the  diameter  of  the  coarse  aggregate  phis  half  the  diameter  of  the 
bar,  nor  less  than  two  diameters  of  the  bar;  and  for  construction  under 
water  or  below  the  ground  surface,  the  said  distance  shall  not  be  less  than 
three  (3)  inches. 

The  spacing  of  the  main  reinforcing  bars  of  slabs  shall  never  exceed 
the  depth  of  the  slab. 

26.  Bends  in  Reinforcement. 

The  minimum  radius  of  bends  in  reinforcing  steel  under  stress  shall 
be  fifteen  (15)  diameters  of  the  bar,  except  at  hooks,  or  unless  stirrups 
or  other  special  details  be  used  to  care  for  a  portion  of  the  radial  stresses. 

Whenever  the  radial  forces  exerted  by  bent  or  curved  bars  produce 
tensile  stresses  in  the  concrete,  stirrups  must  be  provided  to  care  for  the 
said  tension. 

27.  Splices  and  Development  of  Bars. 

The  length  of  embedment  required  for  deformed  bars  shall  be  forty 
(40)  diameters  of  the  bar;    for  plain  bars,  fifty  (50)  diameters;    and  for 
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Fig.  Zlww.     Detail  of  Hook  for  Reinforcing  Bar. 

threaded  bars,  twenty  (20)  diameters.     A  hook  formed  as  shown  in  Fig. 
Zlww  may  be  considered  to  develop  one-quarter  (}/£)  of  the  strength  of  a  bar. 
When  splices  are  made  by  merely  lapping  the  bars,  the  length  of  lap 
must  be  at  least  equal  to  that  required  for  development. 

Addendum 

Just  as  the  page  proof  of  this  chapter  was  about  to  be  returned  to  the 
printer,  the  author's  friend  and  former  assistant,  Victor  H.  Cochrane, 
Esq.,  Consulting  Engineer,  showed  him  the  manuscript  of  an  exceedingly 
important  paper  entitled  "The  Design  of  Symmetrical  Hingeless  Concrete 
Arches,"  upon  which  he  had  been  working  two  years,  and  which  will 
probably  soon  be  published  by  one  of  the  technical  societies.  This 
memoir  will  reduce  the  labor  of  making  arch-ring  computations  fully 
seventy-five  per  cent  and  will  be  a  most  valuable  addition  to  the  Uterature 
of  bridge  designing. 


CHAPTER  XXXVIII 


FOUNDATIONS  IN   GENERAL 


The  permissible  pressures  on  soils  of  divers  kinds  at  various  depths 
below  water  are  exceedingly  difficult  to  determine,  because  the  condi- 
tions at  different  locations  are  so  variable.  A  few  experiments  on  the 
carrying  capacities  of  foundation  soils  have  been  made,  but  generally 
the  permissible  pressure  is  settled  by  the  engineer's  individual  judgment. 
In  many  cases  of  pier  foundations  the  minimum  area  of  base  which  the 
construction  conditions  allow  ■wall  be  found  great  enough  to  provide  a 
safe  and  satisfactory  bearing,  but  often  the  character  of  the  foundation 
soil  is  such  that  enlargement  of  the  bearing  area  becomes  necessary  in 
order  to  avoid  all  possibility  of  serious  settlement. 

In  computing  the  pressure  upon  the  base  of  a  bridge  pier,  the  total 
live  and  dead  load  (excluding  impact)  from  the  superstructure  is  to  be 
found,  to  it  is  to  be  added  the  weight  in  air  of  the  entire  mass  of  pier 
above  the  base,  and  from  the  sum  is  to  be  subtracted  the  weight  of  water 
displaced  at  the  lowest  stage  of  the  water.  Ordinarily,  no  deduction  should 
be  made  for  the  side  friction,  as  there  is  no  certainty  that  this  acts  with 
anything  like  its  full  power  until  the  pier  is  on  the  verge  of  settlement. 
However,  in  the  case  of  caissons  sunk  very  deep  into  soil  of  small  bearing 
capacity,  it  may  become  necessary  to  rely  on  side  friction  to  a  very  great 
extent,  although  the  less  such  reliance  is  invoked  the  better.  In  many 
cases  of  pile  foundations  the  piles  do  not  reach  either  bed  rock  or  any 
very  hard  material,  hence  it  is  often  their  side  friction  that  affords  the 
main  support  for  the  pier  and  its  load.  By  ignoring  side  friction  on  cribs 
and  caissons  an  error  on  the  side  of  safety  is  generally  involved,  but  this 
is  offset  more  or  less  by  ignoring  the  effect  of  impact  from  the  live  load. 
Such  impact  certainly  exists  on  the  spans  themselves,  but  probably  never 
actually  to  the  extent  assumed  in  the  specifications.  Again,  the  percen- 
tage of  impact  for  a  pier  would  be  figured  the  same  as  that  of  a  single 
span  having  a  total  length  equal  to  the  sum  of  the  lengths  of  the  two 
spans  which  the  pier  supports,  hence  it  would  be  comparatively  small. 
And,  finally,  the  great  mass  of  the  pier  absorbs  vibration  to  such  an  ex- 
tent that  the  effect  of  impact  upon  the  pressure  on  the  base  must  be 
considerably  smaller  than  that  on  the  top  of  the  pier. 

All  things  considered,  it  is  probable  that  for  ordinary  conditions  in 
foundations  of  bridge  piers  the  preceding  assumptions  are  as  correct  as 
any  that  can  be  made;   but,  when  dealing  with  soils  of  very  small  bear- 
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ing  capacity,  the  bridge  engineer  must  exercise  considerable  ingenuity 
to  obtain  proper  supporting  power  at  moderate  expense.  He  will  find, 
of  course,  that  after  making  an  assmnption  of  bearing  area  for  any  lay- 
out of  spans  and  piers  and  ascertaining  that  the  intensity  of  pressure 
is  too  great,  the  more  he  enlarges  the  base  the  greater  becomes  the  total 
load  thereon;  and  for  exceedingly  high  cribs  it  often  seems  that  there 
is  very  little  use  in  increasing  the  area,  because  the  total  load  augments 
in  nearly  the  same  proportion.  It  is  in  such  cases  that  one  has  either 
to  count  greatly  upon  the  aid  of  the  side  friction  or  else  to  adopt  some 
unusual  expedient  of  design  for  enlarging  the  base  without  increasing 
materially  its  total  load,  such,  for  instance,  as  making  the  piers  hollow 
or  injecting  grouting  into  the  material  below  and  adjacent  to  the  bottom 
of  the  caisson. 

In  1902  the  well  known  engineer,  Dr.  E.  L.  Corthell,  made  an  elab- 
orate investigation  of  pressures  on  foundations,  and  in  1907  he  gave 
the  results  thereof  to  the  engineering  profession  in  book  form  under  the 
title  of  "Allowable  Pressures  on  Deep  Foundations."  For  foundations 
that  gave  no  sign  of  settlement  he  found  the  following  intensities  of  pres- 
sure or  loads  per  square  foot: 

On  fine  sand  from  4,500  lbs.  to  11,600  lbs.,  with  an  average  for  ten  (10)  cases  of 
9,000  lbs. 

On  coarse  sand  and  gravel  from  4,800  lbs.  to  15,500  lbs.,  with  an  average  for  thirty- 
three  (33)  cases  of  9,800  lbs. 

On  mixed  sand  and  clay  from  5,000  lbs.  to  17,000  lbs.,  with  an  average  for  ten  (10) 
cases  of  9,800  lbs. 

On  alluvium  and  silt  from  3,000  lbs.  to  12,400  lbs.,  with  an  average  for  seven  (7) 
cases  of  5,800  lbs. 

On  hard  clay  from  4,000  lbs.  to  16,000  lbs.,  with  an  average  for  sixteen  (16)  cases 
of  11,160  lbs. 

On  hard  pan  from  6,000  lbs.  to  24,000  lbs.,  with  an  average  for  five  (5)  cases  of 
17,400  lbs. 

For  foundations  that  had  settled  he  found  as  follows: 

On  fine  sand  from  3,600  lbs.  to  14,000  lbs.,  with  an  average  for  three  (3)  cases  of 
10,400  lbs.  In  the  minimum  case  the  bearing  was  probably  unconstrained  quick- 
sand. 

On  clay  from  9,000  lbs.  to  11,200  lbs.,  with  an  average  for  five  (5)  cases  of 
10,400  lbs. 

On  silt  and  alluvium  from  3,200  lbs.  to  15,200  lbs.,  with  an  average  for  two  (2)  cases 
of  9,200  lbs. 

On  mixed  sand  and  clay  from  3,200  lbs.  to  14,800  lbs.,  with  an  average  for  three  (3) . 
cases  of  6,600  lbs. 


Of  course,  every  case  of  foundations  has  to  be  judged  upon  its  own 
merits  as  it  arises,  nevertheless  it  is  necessary  for  a  bridge  designer  to 
have  at  hand  some  intensities  of  safe  loads  for  ordinary  cases.  For  deep 
foundations  the  author  offers  the  following,  which  are  based  upon  both 
his  own  practice  and  the  data  collected  by  Dr.  Corthell. 
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TABLE  38a 

Safe  Loads  on  Deep  Foundations 


Materials 


Safe  Load 
per  Sq.  Ft. 


Confined  Quicksand .  .  .  . 

Other  Fine  Sand 

Coarse  Sand  and  Gravel 
Mixed  Sand  and  Clay .  . 

Alluvium  and  Silt 

Hard  Clay 

Hard-pan 

Rock 


Lbs. 

7,000 

9,000 

11,000 

7,000 

5,000 

12,000 

18,000 

40,000 


For  shallow  foundations  the  corresponding  intensities  of  safe  loading 
are  given  in  the  following  table : 

TABLE  386 
Safe  Loads  on  Shallow  Foundations 


Materials 


Safe  Load 
per  Sq.  Ft 


Fine  Sand 

Coarse  Sand  and  Gravel 
Mixed  Sand  and  Clay .  . 

Alluvium  and  Silt 

Hard  Clay 

Hard-pan 

Rock 


Lbs. 
6,000 
8,000 
5,000 
3,000 
9,000 
14,000 
40,000 


In  large  constructions  involving  a  great  number  of  pier  or  pedestal 
bases,  such,  for  instance,  as  elevated  railroads,  it  is  advisable  for  eco- 
nomic reasons  to  do  considerable  experimenting  upon  earth  resistance. 
The  author  made  several  tests  of  this  kind  when  building  the  North- 
western Elevated  and  the  Union  Loop  Elevated  railways  of  Chicago. 
A  description  of  the  apparatus  used  and  the  results  obtained  are  given 
in  Mr.  S.  M.  Rowe's  discussion  of  the  author's  paper  on  Elevated  Rail- 
roads, which  was  pubUshed  in  the  1897  Transactions  of  the  American 
Society  of  Civil  Engineers. 

In  determining  permissible  pressures  on  bases  of  piers,  it  must  not  be 
forgotten  that  small  areas  will  generally  develop  higher  unit  resistances 
than  large  ones.  This  is  probably  owing  to  the  side  friction,  the  effect 
of  which  upon  the  intensity  of  pressure  reduces  as  the  area  of  the  base 
increases.  This  reduction,  however,  does  not  apply  to  test  intensities, 
because  the  bearing  base  of  the  apparatus  is  supposed  to  lie  upon  the 
surface  of  the  soil  tested,  hence  there  is  no  side  friction  developed  until 
the  base  sinks,  and  very  little  even  then. 

For  side  friction  in  sinking  cribs  and  caissons  the  author  usually  fig- 
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iiros  on  six  hundred  (000)  pounds  per  square  foot,  which  is  ordinarily 
enough  for  penetrating  the  beds  of  alluvial  rivers.  Dr.  Corthell  finds  for 
sinking  cylinders  from  three  hundred  (300)  pounds  through  mud  to  fif- 
teen hundred  (1,500)  pounds  through  gravel,  and  for  sinking  masonry 
piers  from  three  hundred  (300)  pounds  through  sand  to  one  thousand 
(1,000)  pounds  through  mixed  sand  and  clay,  with  an  average  for  twenty- 
three  (23)  cases  of  five  hundred  and  twenty-two  (522)  pounds.  In  figuring 
on  sinking  cribs  and  caissons  one  is  naturally  interested  in  the  greatest 
probable  frictional  resistance,  while  in  estimating  on  bearing  capacity  the 
least  probable  amomit  is  what  is  needed  to  be  known. 

The  three  principal  methods  of  pier  sinking  which  are  in  common 
use  are  as  follows: 


1.  The  Cofferdam  system, 

2.  The  Pneumatic  process, 

3.  The  Open-dredging  process. 


The  use  of  ordinary  cofferdams  is,  or  should  be,  limited  to  crossings 
where  the  bed  rock  is  not  more  than  fifteen  (15)  feet  below  the  ordinary 
stage  of  water,  and  where  there  is  no  great,  sudden  rise  anticipated. 
This  method  almost  always  figures  low  in  the  preliminary  estimate,  but  is 
generally  found  to  run  much  higher  when  the  total  cost  of  the  finished 
structure  is  computed.  The  author  makes  a  practice  of  discouraging 
his  contractors  from  attempting  to  employ  this  method,  except  where 
the  conditions  are  unusually  favorable;  and  thus  far  his  experience  proves 
that  the  advice  is  sound.  Cofferdams  are  Uable  to  give  trouble  in  sev- 
eral ways:  first  by  leakage,  second  by  flooding,  and  third  by  collapsing. 
If  a  contractor  gets  through  a  large  piece  of  coffer-dam  foundation  work 
without  accident  or  trouble  of  some  kind,  he  is  in  great  luck.  For  bare 
bed-rock  movable  cofferdams  may  be  employed;  but  they  are  trouble- 
some to  construct,  and  are  sometimes  very  difficult  to  remove  on  account 
of  a  deposit  of  sand  or  silt  taking  place  while  the  piers  are  being  built. 

The  pneumatic  process  for  sinking  caissons  is  in  most  cases  the  best 
one  to  employ,  the  only  objection  to  it  being  the  excessive  cost  of  in- 
stalling the  plant,  even  if  one  has  a  complete  outfit  at  his  disposal.  Its 
great  advantages  are  that  it  enables  the  contractor  to  overcome,  in  the 
cheapest  and  most  expeditious  manner  possible,  all  obstacles  that  may 
be  encountered  in  sinking;  and  that  it  ensures  the  obtaining  of  a  satis- 
factory foundation  for  the  caissons.  It  can  be  used  for  depths  as  great 
as  one  hundred  and  ten  (110)  feet  or  even  more,  although  there  is  dan- 
ger to  the  workmen  when  the  depth  exceeds  ninety  (90)  feet.  A  large 
proportion  of  the  bridge  piers  which  the  author  has  built  have  been  sunk 
by  the  pneumatic  process;  and  he  has  no  hesitation  in  recommending 
it  as  the  most  satisfactory  method  for  most  of  the  cases  of  deep  foun- 
dations which  occur  in  a  consulting  bridge  engineer's  practice. 

The  open  dredging  process  is  suitable  for  very  deep  foundations,  or 
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for  putting  down  caissons  that  are  to  rest  on  the  sand,  or  for  bed-rock 
foundations  that  are  not  Uable  to  great  scour.  For  large  piers  this  proc- 
ess is  much  cheaper  than  the  pneumatic  on  account  of  both  the  smaller 
cost  of  plant  and  the  more  rapid  progress  in  sinking.  In  case,  however 
that  obstacles  be  encountered,  such  as  trees  or  large  boulders,  the  expense 
for  sinking  is  Uable  to  run  high,  as  these  obstacles  have  to  be  removed 
by  a  diver  or  divers,  which  always  involves  great  expense.  The  open 
dredging  process  is  liable  to  abuse  by  the  builders  of  cheap  highway 
bridges,  who,  in  order  to  save  a  little  in  first  cost,  use  it  to  sink  cylinder 
piers  of  small  diameter  moderate  distances  to  bed-rock,  which  may  in 
these  places  be  laid  bare  or  nearly  so  by  excessive  scour.  With  this  proc- 
ess it  is  generally  not  practicable  to  anchor  the  cylinders  firmly  to  the 
bed-rock,  but  with  the  pneumatic  process  it  is. 

Each  of  these  three  methods  of  sinking  is  treated  in  a  separate  chapter 
devoted  exclusively  to  the  subject. 

There  is  still  another  type  of  foundation  besides  those  described,  viz., 
that  which  involves  the  use  of  piles.  This  may  be  divided  into,  two 
classes:  first,  that  in  which  the  piles  support  a  timber  grillage  to  sustain 
the  shaft;  and,  second,  that  in  which  the  heads  of  the  piles  are  encased 
in  a  mass  of  concrete,  upon  which  the  shaft  rests.  The  first  method  is 
cheap  but  objectionable,  for  the  entire  support  of  the  pier  and  its  burden 
must  be  by  means  of  the  piles  alone;  and  as  these  cannot  be  sawed  to 
perfect  elevation,  some  of  them  are  sure  to  carry  more  weight  than  their 
proper  share.  Again,  there  is  a  division  plane  that  is  simply  an  invita- 
tion to  shear  the  shaft  from  the  bearing  between  the  neat  work  or  base 
and  the  grillage,  because  the  concrete  does  not  adhere  at  all  closely  to 
the  wood;  and  there  are  other  planes  of  division  also  between  the  ad- 
jacent layers  of  timber  and  between  the  lower  layer  and  the  pile  heads, 
in  which,  besides  friction,  the  only  resistance  to  shear  is  that  afforded 
by  the  drift  bolts.  As  there  may  not  be  any  of  the  latter  driven  into 
the  pile  heads,  and  as,  if  an  attempt  be  made  to  put  them  in,  some  of  them 
may  miss  their  mark,  it  is  evident  that  this  type  of  foundation  is  any- 
thing but  satisfactory  in  case  the  piers  are  subject  to  jams  of  ice  or  logs. 
Finally,  any  scour  that  there  may  be  in  the  future  is  almost  certain  to 
reduce  the  bearing  power  of  the  piles.  It  is  only  inexperienced  engineers 
who  adopt  or  advocate  this  type  of  construction  in  bridges  of  any  im- 
portance; because  the  other  type  costs  but  Uttle  more  and  is  far  superior 
in  every  respect. 

In  the  type  in  which  the  piles  are  encased,  the  pile  heads  are  so  held 
together  by  the  mass  of  concrete  that  all  the  piles  have  to  act  in  concert, 
even  for  eccentric  loading,  and  there  is  no  possibility  of  the  existence  of 
any  initial  improper  distribution  of  load.  The  continuity  between  the 
shaft,  the  base,  and  the  supporting  piles  forms  an  integral  construction 
which  is  as  truly  first-class  as  such  a  cheap  type  of  work  can  be  made. 
In  piers  of  this  kind  the  cutting  edge  of  the  crib  or  box  which  contains 
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the  concrete  should  go  down  several  feet  further  than  the  greatest  possible 
scour  can  reach ;  because,  if  the  scour  ever  does  go  below  the  concrete  base, 
the  piles  forever  afterward  will  have  to  carry  practically  the  entire  load. 
Even  if  the  scoured  space  be  filled  again  by  deposit,  the  material  thus 
washed  under  the  base  cannot  take  up  any  load  worth  mentioning.  The 
piles  for  foimdations  of  this  kind  should  either  be  driven  to  refusal  by 
the  ordinary  means  or  be  sunk  by  water  jets  to  as  great  a  depth  as  prac- 
ticable. The  methods  of  driving  foundation  piles  are  treated  fully  in 
Chapter  XLII. 

The  question  as  to  when  pile  fomidations  for  bridge  piers  should  and 
should  not  be  used  is  not  always  an  easy  one  to  settle;  but,  in  general,  it 
may  be  stated  that  they  should  never  be  adopted  where  there  is  any 
real  danger  of  their  being  scoured  out.  Of  course,  in  light  highway  bridges, 
where  money  for  the  construction  is  very  limited,  it  may  be  wholly  im- 
practicable to  adopt  expensive  pneumatic  or  open-dredged  piers,  in  which 
case  pile  foundations  may  have  to  be  used,  even  if  some  risk  be  run;  but 
in  railroad  bridges  no  chance  of  disaster  which  can  be  avoided  by  the 
expenditure  of  any  obtainable  amount  of  monej'  should  ever  be  taken. 

To  determine  with  certainty  whether  a  river  is  likely  to  scour  much 
around  the  piers  of  a  proposed  bridge  is  a  problem  requiring  experience 
and  engineering  judgment  of  the  highest  order.  One  should  study  thor- 
oughly the  river  both  above  and  below  the  site  and  take  soundings  over  a 
long  stretch  of  its  length  in  order  to  discover  whether  the  current  has 
excavated  any  deep  holes.  The  fact  that  at  a  low  stage  of  water  none  are 
found  is  no  conclusive  proof  that  none  ever  exist,  because  the  holes  that 
are  excavated  during  flood  are  often  filled  very  quickly  by  sand  deposit 
as  the  water  subsides.  One  must  study  the  character  of  the  river  and 
that  of  its  bed  in  order  to  determine  the  liability  to  scour;  and  he  should 
remember  that  the  contracting  of  the  cross-section  by  the  piers  will  ac- 
centuate any  tendency  there  may  be  to  deepen  the  channel  during  high 
water.      This  question  is  very  fully  discussed  in  Chapter  XLIX. 

To  make  a  choice  for  any  bridge  between  open-dredged  and  pile  piers 
it  is  necessary  to  determine  by  judgment  the  least  absolutely  safe  depth 
for  the  base  of  the  caisson  and  that  for  the  base  of  the  pile  box,  also  the 
requisite  penetration  of  the  piles  below  the  said  box,  then  proportion 
both  piers  and  compute  their  costs,  the  cheaper  design  being  adopted. 
The  base  of  the  open-dredged  pier  should  be  materially  lower  than  that 
of  the  pile  one — say  I'rom  ten  to  twenty  feet,  according  to  the  character 
of  the  soil  and  other  physical  conditions;  but  the  area  of  the  former 
may  be  less  than  that  of  the  latter,  which  has  to  contain  a  number  of 
piles  spaced  not  much  less  than  three  (3)  feet  centres,  the  said  number 
being  determined  by  the  surmised,  or  possibly  the  tested,  safe  load  per 
pile.  It  is  often  difficult  to  settle  in  advance  of  the  driving  what  should 
be  the  length  of  foundation  piles,  and  in  cases  of  extreme  doubt  a  few 
of  the  longest  obtainable  should  first  be  driven,  then  any  unnecessary 
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projections  should  be  cut  off,  after  which  the  remainder  of  the  order 
can  be  placed  for  the  proper  gross  length,  care  being  taken  to  keep 
on  the  side  of  safety,  because  a  pile  that  is  too  short  usually  cannot  be 
relied  upon  to  have  much  bearing  value. 

If  the  base  of  a  pier  having  a  pile  foundation  lies  above  the  elevation 
of  extreme  Iwv  water,  the  piles  should  be  either  of  reinforced  concrete 
or  creosoted  timber,  preferably  the  former.  If  untreated  timber  be  used, 
it  is  possible  that  air  may  penetrate  to  the  portions  of  the  piles  between 
the  elevations  of  pier  base  and  extreme  low  water  and  cause  them  to  rot, 
thus  letting  the  pier  settle.  It  is  also  possible  that  the  creosoting  of  the 
piles  will  merely  put  off  the  evil  day;  but  it  will  be  to  an  exceedingly 
distant  date — so  distant,  probably,  as  to  extend  into  some  future  century. 

In  pier  foundations  in  salt  or  brackish  waters  where  the  teredo  navalis 
or  other  sea  worms  exist  or  are  ever  likely  to  exist,  no  piles  or  other  tim- 
ber should  be  so  placed  as  ever  to  be  accessible  to  their  attacks.  If  there 
is  to  be  in  the  future  any  deepening  of  the  channel,  all  timber  work  neces- 
sary to  the  safety  of  the  construction  should  be  sunk  well  below  the  an- 
ticipated depth  of  such  possible  excavation.  The  author  has  encountered 
three  cases  of  this  kind  in  bridges  that  he  has  built  over  False  Creek 
for  the  City  of  Vancouver,  British  Columbia.  In  these,  certain  pneumatic 
caissons  had  to  be  sunk  at  considerable  expense  a  number  of  feet  into 
the  hardest  kind  of  cemented  gravel  and  boulders,  in  order  to  bring  the 
top  of  the  timber  deck  of  the  working  chamber  below  the  proposed  bot- 
tom for  a  thirty  (30)  foot  channel.  The  periphery  of  the  cribs  ^dll  prob- 
ably in  time  be  destroyed  by  the  sea-worms;  but  the  interior  wall  remain 
intact,  as  the  bracing  timbers  of  the  shells  were  removed  during  the  filling 
just  before  the  concrete  reached  them. 

Occasionally  a  caisson  that  is  being  sunk  through  sand  or  gravel  reaches 
such  a  hard  material  that  it  is  impracticable  to  sink  into  it,  and  there  is 
not  enough  penetration  to  afford  the  requisite  lateral  stability.  In  such 
a  case  it  becomes  necessary  to  place  around  the  base  a  mass  of  both 
large  and  small  stones  so  as  to  resist  properly  all  tendency  to  overturning. 
This  was  done  on  one  of  the  piers  of  the  author's  Fraser  River  bridge  at 
New  Westminster,  British  Columbia. 

Occasion  might  sometimes  arise  for  building  a  bridge  on  a  thin  crust 
of  comparatively  hard  material  overlying  a  far  softer  material  of  great 
depth — such  conditions,  in  fact,  as  exist  in  the  City  of  Mexico.  The  proper 
way  to  design  the  piers  under  these  circumstances  would  be  to  make  them 
as  light  as  possible,  carrying  the  shaft  down  at  the  usual  batter  to  near 
the  surface  of  the  ground  and  spreading  it  suddenh'  to  large  dimensions 
by  means  of  a  reinforced  concrete  slab  or  by  resting  it  on  a  large  steel  grill- 
age encased  in  concrete  so  as  to  protect  the  metal  against  rusting.  By 
this  means  the  total  load  on  the  pier  base  could  l)e  spread  over  such  a 
large  area  that  the  intensity  of  pressure  on  the  soil  would  be  reduced  to 
u  safe  amount.    This  type  of  foundation  was  originated  by  the  author 
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for  important  buildings  in  the  City  of  Mexico  early  in  1900,  and  was 
described  by  him  in  both  English  and  Spanish  in  the  leading  newspapers 
of  that  City.  In  1905  this  description  was  reproduced  by  Mr.  Harring- 
ton in  his  collection  of  the  authoj's  "Principal  Professional  Papers,"  to 
which  the  reader  is  referred. 

In  case  a  pneumatic  caisson  rest  on  a  soil  of  insufficient  bearing  ca- 
pacity, it  is  feasible  to  enlarge  the  base  somewhat  and  thus  reduce  the 
intensity  of  pressure  by  excavating  one  at  a  time  and  filling  with  con- 
crete (either  plain  or,  preferably,  reinforced)  small  trenches  in  the  bot- 
tom and  extending  them  on  each  side  as  far  beyond  the  cutting  edges 
as  practicable.  In  this  manner  a  platform  of  reinforced  concrete  two 
(2)  feet  or  more  in  thickness  and  projecting  about  that  distance  beyond 
the  sides  of  the  caisson  may  be  made  to  occupy  the  entire  base.  This 
expedient,  however,  is  not  altogether  a  satisfactory  one,  because  the 
soft  material  will  tend  to  prevent  an  effective  junction  of  the  contiguous 
beams,  and  much  dirt  is  likely  to  become  mixed  with  the  concrete,  thus 
reducing  its  strength. 

In  founding  a  pneumatic  caisson  on  an  area  of  varying  resisting  ca- 
pacity it  often  becomes  necessary  to  reinforce  the  weak  places.  This  may 
be  done  by  putting  in  bags  of  concrete,  mixed  rather  dry  so  that  the  mass 
will  not  spread  unduly,  the  necessary  moisture  for  the  concrete  being 
absorbed  from  the  surrounding  soil.  Sometimes  a  caisson  lands  on  a 
sloping  surface  of  rock  that  is  much  higher  at  one  end  or  side  than  at 
the  other.  Here  it  is  necessary  either  to  cut  deeply  into  the  rock  at  the 
high  places  or  to  excavate  below  the  cutting  edge  to  the  rock  at  the  low 
places  and  build  up  by  bags  of  concrete.  Such  work  often  requires  great 
care  and  skill. 

The  method  of  increasing  the  bearing  power  of  soil  by  injecting  grout- 
ing into  it  under  pressure  has  been  tried  more  or  less  successfully  on  sev- 
eral occasions.  Where  the  material  is  gravel  the  scheme  works  well  and 
the  grout  penetrates  outw^ard  as  much  as  ten  (10)  feet;  but  where  the 
material  is  fine  sand  the  penetration  is  small,  sometimes  not  to  exceed  a 
few  inches.  Unfortunately,  the  method  is  much  more  likely  to  be  needed 
for  a  sand  foundation  than  for  one  of  gravel,  because  the  latter  material 
at  great  depths  where  it  is  beyond  all  possible  reach  of  scour  may  be 
loaded  to  almost  any  practicable  amount  w^ithout  causing  settlement. 
It  is  in  the  soft  materials  of  alluvial  streams  where  enlargement  of  bear- 
ing areas  becomes  necessary,  and  in  these  the  success  of  the  method  is 
problematical. 

A  modification  of  this  method  was  tried  in  India  by  H.  F.  White, 
Esq.,  Mem.  Inst.  C.  E.,  who  excavated  several  foundation  pits  under 
water,  deposited  in  each  a  layer  of  broken  stone  from  a  foot  and  a  half 
to  seven  feet  deep,  and  injected  grouting  into  it  by  means  of  a  two-inch 
pipe.  After  allowing  the  concrete  thus  formed  to  set,  he  pumped  out 
the  water  and  made  an  examination  of  the  work,  finding  that  the  mass 
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was  filled  fairly  well.  He  discovered  that  in  order  to  make  the  mortar 
flow  satisfactorily,  it  was  necessary  either  to  mix  lime  with  the  cement 
or  to  use  lime  alone.  As  lime,  in  the  author's  opinion,  is  not  a  fit  ma- 
terial for  bridge  construction,  he  does  not  consider  Mr.  White's  experi- 
ment a  success.  Moreover,  it  would  have  been  far  easier  and  far  less  ex- 
pensive to  deposit  at  the  outset  rich  broken-stone  concrete  by  tremie  or 
collapsible  box.  This  is  the  author's  invariable  method  of  filling  cais- 
sons and  cribs  where  the  water  is  not  removed.  On  p.  373  et  seq.  of  Ja- 
coby  and  Davis'  excellent  book  entitled,  "Foundations  of  Bridges  and 
Buildings"  will  be  found  some  information  of  value  concerning  the  "Grout- 
ing Process,"  and  the  reader  is  advised  to  peruse  it. 

There  is  another  means  of  sinking  piers  that  should  not  go  unmen- 
tioned,  viz.,  the  "Freezing  Process."  It  was  originated  some  Ihirty  years 
ago  in  Germany  by  Dr.  F.  H.  Poetsch,  but  has  never  been  utilized  for 
bridge  piers,  although  there  are  locations  where  it  might  be  found  appli- 
cable. It  consists  in  sinking  a  number  of  pipes  about  five  (5)  inches  in 
diameter  and  three  (3)  or  four  (4)  feet  apart  over  an  area  somewhat 
greater  than  that  of  the  fomidation  required,  driving  them  as  low  as 
the  final  elevation  of  the  base,  removing  the  contained  material,  placing 
inside  them  other  pipes  from  one  (1)  to  one  and  a  half  (13^)  inches  in 
diameter,  and  forcing  down  the  small  pipes  and  slowly  up  the  large  ones 
a  freezing  mixture.  This  continued  action  freezes  the  ground  solid  after 
the  expiration  of  about  a  month.  By  judicious  location  of  the  pipes 
around  the  outside  and  by  insulating  the  inner  ones  nearly  to  the  bottom, 
a  shell  of  solidified  earth  is  formed  and  the  water  is  shut  out  by  the  con- 
gealed base,  thus  permitting  the  interior  material  of  the  said  shell  to 
be  easily  excavated  in  the  dry  and  the  pier  base  to  be  built  in  the  well 
thus  formed.  The  process  is  exceedingl}^  slow  and  is  likely  to  be  expen- 
sive; hence  it  should  be  adopted  only  where  the  pneumatic  and  the  open- 
dredging  processes  are  not  applicable.  The  freezing  process  was  patented 
in  the  United  States  over  twenty  years  ago,  hence  the  original  patents 
have  expired  and  the  method  is  available  for  the  use  of  anyone,  imless, 
perchance,  later  claims  for  improvements  have  been  granted. 

In  concluding  this  chapter  it  is  appropriate  to  mention  the  extreme 
importance  of  having  invaria])ly  for  bridge  piers  foundations  that  are 
safe  beyond  tlie  perad venture  of  a  doubt;  for  if  the  foimdation  of  any 
pier  fails,  the  ])ridge  is  almost  certain  to  be  destroyed,  and  with  it  pos- 
sibly many  human  lives.  Unscrupulous  bridge  contractors  are  prone  to 
slight  the  foundation  work  in  preference  to  the  superstructure,  because 
the  fornuM-  is  out  of  sight,  while  the  latter  is  always  in  evidence;  but  if 
ttiey  have  to  n(>glect  one  portion  or  tlie  other,  it  would  be  much  better 
to  chooser  th(!  sui)erstructure,  as  that  can  generally  be  remedied,  while 
defects  in  the  foundations  are  either  irremediable  or  can  be  rectified  only 
at  excessively  great  expense. 


CHAPTER  XXXIX 


COFFERDAMS 


In  constructing  foundations  for  bridges,  water  is  usually  encountered; 
so  that  the  engineer  must  make  provision  for  excluding  it  from  the  space 
to  be  occupied  by  the  construction,  or  else  must  adopt  a  type  of  founda- 
tion that  can  be  placed  under  water.  One  of  the  earlier  and  more  com- 
mon means  of  excluding  water  from  substructure  work  was  the  building 
of  a  wall  of  earth,  stones,  or  timbers  around  the  space  to  be  occupied 
by  the  foundation  and  then  pumping  the  water  out.  This  left  the  bed 
of  the  stream  exposed;  so  that  workmen  could  clean  off  the  bed-rock, 
or  make  the  necessary  excavation  to  reach  a  solid  stratum. 

With  the  cumulative  experience  of  bridge  builders,  many  variants 
of  this  original  type  of  cofferdam  have  been  developed.  Indeed,  devel- 
opment has  proceeded  so  far  in  some  lines  that  the  resulting  type  is  no 
longer  classified  as  a  cofferdam,  but  as  an  open  crib  or  a  pneumatic  cais- 
son. The  distinction  that  uall  be  made  in  this  chapter  is  that  of  per- 
manency of  position;  the  cofferdam  remains  until  removal  as  first  placed 
in  position,  while  the  open  crib  and  the  pneumatic  caisson  sink  into  final 
position  as  excavation  proceeds  and  eventually  become  a  part  of  the 
permanent  structure. 

Cofferdams  can  be  used  advantageously  for  shallow  crossings  where 
the  bed-rock  is  near  the  surface,  and  where  no  great,  sudden  rise  in  water 
level  is  anticipated.  There  are  instances  of  cofferdams  being  successfully 
used  for  depths  of  thirty-five  feet,  but  the  author  recommends  that  their 
adoption  should  generall}^  be  limited  to  fifteen  feet,  unless  steel  sheet 
piling  be  employed. 

The  various  tj^Des  of  cofferdams  are  as  follows: 

1.  Earthen  dams  for  shallow  water  and  sluggish  current.  This  type 
requires  a  relatively  large  amount  of  material  to  secure  stability  and  im- 
perviousness.  It  invariably  occupies  a  large  space  for  the  amount  of 
work  room  afforded,  and  should  be  considered  only  when  there  is  plenty 
of  area  available  and  when  material  is  close  at  hand  which  can  be  readily 
obtained  and  cheaply  placed. 

2.  Rock  dams  ^vith  earth  filling  and  covering  to  prevent  leakage.  These 
have  the  advantage  over  strictly  earthen  dams,  because  the  same  stability 
can  be  secured  with  a  smaller  cross  section  and  a  consequent  reduction  in 
the  amount  of  material  used.  This,  in  turn,  means  more  work  room  for 
the  total  space  occupied  and  generally  involves  a  reduction  in  cost. 

3.  Bags  filled  with  clay  and  sand  and  deposited  in  an  orderly  way 
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on  top  of  each  other  so  as  to  form  a  wall  around  the  space  to  be  occupied 
by  the  foundation.  This  method  has  been  employed  "ndth  success. 
Mention  should  be  made  of  the  possibility  of  removing  these  bags  of  earth 
and  using  them  over  again  at  another  foundation. 

4.  Log  cribs,  made  directly  from  felled  timber  and  surrounded  on  the 
outside  by  a  ramp  of  earth.  These  are  adapted  for  some  locations  where 
timber  is  plentiful  and  suitable  earth  is  convenient  to  the  bridge-site. 

5.  Dams  made  by  driving  a  row  of  sheet  piling  around  the  space  to 
be  occupied.  This  type  is  suitable  for  locations  where  bed-rock  is  over- 
laid with  a  softer  material  that  can  be  penetrated  by  the  pile  without  too 
hard  driving.  The  piles  may  be  of  the  wooden  tongue-and-grove  type 
or  of  the  interlocking  steel  type.  With  the  latter  it  is  possible  to  go  to 
greater  depths.  There  are  some  cases  on  record  in  which  sixty-foot 
depths  were  attained. 

6.  Dams  made  by  driving  a  double  row  of  sheet  piling  and  filling  the 
intervening  space  with  a  suitable  earth  puddle.  This  dam  is  better 
adapted  for  great  depths  where  the  lateral  pressure  is  too  much  for  the 
single  row  of  piles. 

7.  Reinforced  concrete  crib,  having  double  walls  to  secure  buoyancy, 
made  on  shore,  and  then  floated  into  place  and  weighted  until  it  sinks 
into  a  previously  prepared  bed  of  clay  which  seals  the  bottom. 

8.  Dams  made  by  freezing  a  wall  of  water  in  situ.  In  addition  to 
its  low  cost,  the  ice  dam  is  comparatively  free  from  the  danger  of  a  blow- 
through;    and  the  leakage  is  reduced  to  a  minimum. 

Should  the  engineer  decide  to  adopt  the  cofferdam  system  in  prefer- 
ence to  the  pneumatic  or  the  open-dredging  process,  there  yet  remains 
the  question  of  what  type  of  cofferdam  it  is  best  to  select.  In  making 
a  choice  one  must  take  into  consideration  the  nature  of  bed-rock  or  other 
foundation;  the  overlying  deposits  of  silt,  clay,  or  gravel;  the  avail- 
ability of  the  various  materials  and  their  costs;  the  probability  of  floods 
and  ensuing  damage  to  structure;  the  obstruction  of  the  stream  and 
interference  with  navigation;  and  the  possible  consequential  damages 
to  property  owners  near  the  works. 

Dams  of  the  first  four  types  involve  the  use  of  earth  to  shut  out  water. 
Unless  a  puddle  wall  is  provided,  earthen  dams  must  be  made  of  suffi- 
cient extra  width  to  withstand  saturation  and  prevent  seepage.  The 
slope  of  the  faces  should  be  three  horizontal  to  one  vertical  in  order 
to  secure  stability  for  the  saturated  material;  and  the  top  of  the  earth 
dam  should  be  two  or  three  feet  higher  than  the  working  stage  of  water. 
The  best  puddle  material  is  a  lightish  loam  mixed  with  fine  gravel  or 
coarse  sand.  Clay  should  have  sand  mixed  with  it;  for  otherwise  it  will 
absorb  too  much  water  and  then  shrink  and  crack  when  it  dries  out. 
Again,  a  leak  in  clay  does  not  mend  itself  as  it  does  in  the  other  materials. 
Top  soil,  because  of  the  roots  and  vegetable  matter  contained,  is  not 
suitable  for  shutting  out  water.     Puddling  should  be  placed  in  layers 
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about  a  foot  thick  and  worked  over  with  sufficient  water  to  form  a  phistic 
mass  that  can  be  packed  and  crowded  into  all  corners,  cracks,  and  openings. 

In  constructing  a  dam  of  type  No.  3,  care  must  be  taken  not  to  fill 
the  bags  too  full  or  they  will  not  pack  well  and  will  not  make  a  water- 
tight dam.  The  thickness  of  the  wall  must  be  adjusted  to  correspond 
with  the  depth  of  water.  As  a  guide  to  one's  judgment  in  deciding  this 
point,  the  wall  may  be  considered  as  being  composed  of  a  material  weigh- 
ing forty  pounds  per  cubic  foot  and  tested  at  any  assimied  section  both 
for  stability  against  overturning  and  for  sliding.  The  coefficient  of  friction 
may  be  taken  as  0.5. 

Type  No.  4  permits  of  a  vertical  inside  face  being  obtained  without 
expensive  construction.  This  is  desirable,  as  it  reduces  the  total  space 
occupied  by  the  cofferdam  and  involves  less  water  to  pump.  The  crib, 
which  can  be  constructed  on  shore  and  floated  into  place,  should  be  made 
somewhat  larger  than  the  foundation  so  that  sufficient  clearance  will  be 
allowed  for  possible  distortion  and  displacement  during  the  process  of 
locating  and  for  working  room  for  the  suction  hose  of  the  pump  and 
for  building  the  base  of  the  construction.  The  placing  of  the  earth  ramp 
around  the  crib  after  it  has  been  lowered  into  final  position  should  pro- 
ceed fairly  uniformly  on  all  four  sides  so  that  there  will  be  a  balancing 
of  pressures.  This  ramp  of  earth  must  be  of  sufficient  thickness  to  pre- 
vent any  seepage  from  starting;  for  if  percolation  should  commence, 
it  would  carry  out  the  fine  particles  of  soil,  thereby  causing  a  rapidly  en- 
larging hole  and  a  corresponding  flow  of  water.  The  minimum  width  at 
the  top  of  the  ramp  should  be  three  feet.  In  estimating  the  amount  of 
earth  required,  it  should  be  remembered  that  the  angle  of  repose  for 
saturated  clay  mixed  with  sand  is  only  about  half  of  the  angle  that  exists 
with  the  same  material  dry.  Interior  bracing  will  be  required  to  prevent 
distortion  and  possible  collapsing  of  the  crib.  This  bracing  is  usually 
made  of  horizontal  struts  arranged  in  tiers  and  held  in  place  by  wedges 
driven  between  their  ends  and  vertical  timbers  that  distribute  the  pres- 
sure of  the  individual  logs.  As  the  base  of  the  construction  is  placed, 
the  lower  struts  can  be  removed  by  knocking  out  the  wedges  from  time 
to  time  as  the  work  progresses. 

Cofferdams  of  type  No.  5  have  to  be  constructed  in  place.  To  make 
it  feasible  to  drive  sheet  piling,  a  suitable  frame  work  has  to  be  prepared 
at  the  site  of  the  pier.  This  frame  work  may  consist  of  horizontal  wales 
bolted  to  round  piles  driven  into  the  material  overlying  the  foundation, 
or  it  may  consist  of  a  skeleton  crib  floated  into  place  and  w^eighted  down 
into  the  river  bed.  Where  the  overlying  material  is  insufficient  or  too 
soft  to  give  stability  to  the  guide  piles,  the  skeleton  crib  is  to  be  used. 
Until  the  advent  of  the  tongued  and  grooved  sheet  pile  of  the  Wakefield 
type,  separate  planks  were  driven  as  close  as  possible  to  each  other,  making 
an  enclosure  around  the  previously  prepared  guide  frame.  To  reduce 
leakage,  additional  planks  were  driven  outside  to  cover  the  cracks,  or  a 
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double  row  of  planks  was  put  down  so  as  to  overlap  the  said  cracks.  With 
the  best  of  care  in  driving,  the  planks  do  not  close  up  tight  enough  and 
the  operation  usually  ends  by  resorting  to  a  canvas  covering  or  an  em- 
l)ankment  of  earth.  The  introduction  of  the  Wakefield  sheet  pile  gave 
more  satisfactory  results  as  far  as  the  vertical  cracks  were  concerned; 
but,  o\\ing  to  irregularities  in  bed-rock,  considerable  leakage  sometimes 
occurred  at  the  bottom.  This  can  be  reduced  by  sharpening  the  piles  on 
the  edge  and  doing  a  little  extra  driving  so  as  to  broom  the  bottoms  and 
make  a  better  fit  with  the  rock. 

Unless  there  is  an  overlying  plastic  material  to  give  proper  penetra- 
tion to  the  pile,  it  is  more  satisfactory  and  cheaper  to  use  an  open  crib 
or  box,  as  described  further  on. 

The  double  row  of  sheet  piling  with  puddle  between  has  also  to  be 
constructed  in  place.  Unless  there  is  an  overlying  material  to  afford  suf- 
ficient penetration  to  fix  the  bottom  ends  of  the  sheet  piles,  much  diffi- 
culty is  encountered  in  bracing  the  outer  row  of  pihng  to  the  inner.  This 
condition  is  best  met  with  the  crib  construction  referred  to  in  the  previous 
paragraph  and  described  later  on.  However,  should  there  be  a  suitable 
material  for  holding  the  bottom  ends  of  the  piles  in  position,  the  engineer 
should  proceed  to  build  the  guide  frames  for  both  inner  and  outer  rows 
of  piling.  The  piles  should  be  sharpened  to  a  bevel  on  the  bottom  edge 
so  that  there  will  be  a  tendency  to  close  up  on  each  other  during  the 
driving.  The  amount  of  space  to  be  allowed  between  rows  of  piling  will 
vary  inversely  with  the  degree  of  stability  afforded  by  the  guide  frames 
and  with  the  amount  of  workroom  needed  for  derricks,  pile  drivers,  and 
other  equipment.  A  comparatively  thin  wall  of  puddle  when  properly 
made  of  suitable  materials  will  provide  against  leakage.  Puddle  walls 
only  four  feet  thick  have  been  successfully  used  against  heads  of  thirty- 
five  feet;  and  for  the  greatest  limiting  head  recommended  at  the  begin- 
ning of  this  chapter  a  two-foot  puddle  wall,  if  properly  supported,  will 
prevent  tlie  percolation  of  water.  The  practical  difficulty  is  to  prevent 
subsidence  and  rupture  of  the  puddling.  A  through  bolt,  or  timber 
brace,  or  any  smooth  surface  invites  the  passage  of  water,  which,  when 
once  established,  causes  a  larger  opening  and  an  increasing  flow. 

For  stopping  a  leak,  the  method  knoAMi  as  "stock  ramming"  is  effec- 
tive. It  consists  in  the  boring  of  a  three-  or  four-inch  hole  through  the 
sheet  piles  in  the  vicinity  of  the  leak  and  pushing  into  the  hole  a  previ- 
ously prepared  cylinder  of  clay  which  is  to  be  rammed  in  tight  with  a 
specially  constructed  rammer.  This  rammer  is  made  of  a  pole  fitting 
the  hole  easily  and  provided  with  a  leather  flap  at  the  foot.  A  hole  bored 
longitudinally  in  the  ranmier,  leading  from  the  leather  flap  to  a  cross 
hole  some  twent>'  or  thirty  inches  farther  back,  provides  access  for  the 
air  wiu'ii  withdrawing  the  rammer,  thus  overcoming  the  suction. 

Many  of  the  objections  to  cofferdams  as  a  means  for  constructing 
foundations  have  been  overcome  within  the  last  fifteen  years  by  the 
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introduction  of  stool  shoot  piling.  Tlioy  will  stand  hard  driving;  and 
lioinp;  hardor  than  many  bod-rock  strata,  thoy  can  bo  drivon  into  such 
bod-rock  a  sufficient  distance  to  fix  firmly  the  bottom  ends  and  thus 
stop  tlio  underflow.  Being  formed  so  as  to  interlock  with  each  other, 
the  vortical  joints  can  readily  be  made  water-tight  by  inserting  wooden 
strips,  sawdust,  or  paper  pulp,  or  by  pouring  in  a  coarse  grout.  As  they  are 
of  superior  strength  to  the  wooden  sheet  piles,  the  need  for  bracing  is 
much  reduced.  The  interlocking  feature  also  renders  unnecessary  the 
horizontal  guides;  and  they  can  be  driven  to  conform  readily  to  the 
various  shapes  of  different  footings.  They  can  be  pulled  out  and  used 
over  again  many  times  on  the  same  and  other  jobs. 

The  application  of  reinforced  concrete  to  cofferdam  construction  has 
boon  proposed.  As  early  as  1906,  it  was  considered  as  a  means  for  closing 
the  outer  basin  of  Port  La  Rochelle.  A  design  and  estimate  were  made 
and  the  cost  was  compared  wdth  that  for  a  timber  cofferdam.  The  com- 
parison showed  that  the  latter  was  the  more  expensive.  It  was  proposed 
to  construct  the  reinforced  concrete  dam  with  double  walls  so  that  it 
could  be  floated  into  place  and  weighted  down  until  it  sank  into  final 
position.  Another  novel  type  of  cofferdam  to  be  constructed  by  the 
freezing  process  was  proposed  for  this  work.  The  plans  called  for  the 
freezing  of  the  water  in  situ  and  maintaining  the  ice  until  the  comple- 
tion of  the  job.  A  comparison  of  estimated  costs  indicated  that  this 
method  was  cheaper  than  either  the  timber  puddled  cofferdam  or  the 
reinforced  concrete  cofferdam.  In  the  freezing  process  it  is  necessary 
to  enclose  the  wall  of  water  in  a  sheeting  of  non-conducting  material. 
^Vhich  of  the  three  competitive  types  of  cofferdam  was  chosen  the  author 
has  been  unable,  after  much  search,  to  determine;  but  the  comparison 
is  just  as  interesting  notAvithstanding. 

There  is  another  tj^pe  of  construction  which  serves  the  purpose  of  a 
cofferdam,  though  strictly  speaking  it  should  not  be  included  in  that 
class.  This  is  the  crib,  or  open  box,  used  in  connection  with  pile  foun- 
dations. The  author  has  employed  this  extensively  even  in  some  im- 
portant structures  when  conditions  were  favorable. 

The  crib  tynpe  does  not  depend  on  a  packing  of  earth  to  make  it  water- 
tight. Being  constructed  of  sawed  timber  drift-bolted  together,  the 
cracks  and  joints  are  small  and  can  readily  be  caulked  with  oakum  from 
the  outside  before  the  crib  is  launched  from  the  shore.  In  shallow  water 
this  is  sufficient,  but  further  imperviousness  can  be  secured  against  the 
higher  heads  of  water  by  sheeting  the  outside  of  the  crib  with  tongued- 
and-grooved  planks  nailed  on  vertically.  Heavy  canvas  is  sometimes 
used  for  the  outer  covering,  a  wide  flap  being  left  at  the  bottom  so  as 
to  fit  the  irregularities  of  the  bed  of  the  stream  and  check  the  inflow 
of  water.  This  flap  is  weighted  down  by  attaching  a  heavy  chain  to  the 
edge  of  the  canvas  before  the  crib  is  launched.  Care  must  be  taken  to 
have  the  flap  extended  horizontally  outward  from  the  crib  when  it  lands 
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upon  its  bed.  This  crib  will  require  removable  internal  bracing.  For 
pile  foundations  this  type  of  cofferdam  is  very  suitable.  After  the  nec- 
essary excavating  and  cleaning  out  have  been  done,  the  crib  can  be  flooded, 
thereby  reducing  the  lateral  pressures,  and  then  the  piles  can  be  driven 
through  water,  cutting  out  the  expense  of  pumping  for  that  period.  After 
the  piles  are  driven,  short  struts  should  be  placed  between  the  pile  heads 
and  the  walls  of  the  crib  as  the  water  is  again  pumped  out.  This  permits 
of  the  removal  of  the  longer  struts  originally  placed  and  gives  more  work- 
room for  final  cleaning  out  and  concreting.  It  will  be  found  that  the 
driving  of  the  piles  displaces  the  soil  or  gravel  upward  so  that  it  will  be 
necessary  to  take  out  some  more  material  to  reach  the  desired  elevation 
for  the  bottom  of  the  concrete  base.  This  is  especially  true  if  a  water 
jet  be  used  in  connection  with  the  driving  of  the  piles. 

If  the  crib  should  land  on  an  impervious  layer,  so  that  the  bottom 
edge  penetrates  the  soil  somewhat  and  shuts  off  the  underflow,  it  can 
be  pumped  out  and  the  concrete  can  then  be  placed  in  the  dry.  How- 
ever, should  the  crib  land  on  a  pervious  stratum,  the  water  will  flow  in 
at  the  bottom,  so  that  continuous  hard  pumping  would  be  necessary  to 
keep  the  water  level  down.  The  placing  of  concrete  under  such  unfa- 
orable  conditions  is  to  be  avoided,  for  the  current  created  by  the  pump- 
ing will  cause  a  serious  loss  of  cement  during  the  entire  process  of  deposi- 
tion. Seldom  can  the  pumping  proceed  continuously;  hence  the  flood- 
ing of  the  fresh  concrete  due  to  any  shutting  down  of  the  pump  means 
stopping  the  work  to  allow  the  concrete  to  harden,  or  to  draw  off  the  water 
again  and  with  it  a  portion  of  the  fresh  cement.  To  overcome  this  diffi- 
culty, the  water  may  be  allowed  to  stand  in  the  crib  at  its  normal  level  and 
the  concrete  may  be  deposited  through  it  by  means  of  a  tremie  or  a  trap 
box.  Owing  to  the  pile  heads  projecting  upward  into  the  crib,  there  is 
little  room  to  work  the  latter  properly;  hence  the  tremie  is  preferable. 
Unless  care  be  taken,  the  tremie  will  frequently  lose  its  load  and  have 
to  be  recharged  by  dropping  into  it  fresh  concrete  through  the  water,  thus 
causing  a  certain  amount  of  segregation  of  the  sand,  cement,  and  rock. 
If  a  trap  box  is  employed,  it  will  frequently  catch  on  a  pile  head  and  be 
upset,  thereby  permitting  the  load  to  fall  through  the  water  and  induc- 
ing segregation.  The  result  of  either  difficulty  is  the  loss  of  homogeneity 
in  the  concrete  and  a  resulting  decrease  in  the  strength  of  the  base.  These 
troubles  and  defects  can  be  obviated  by  building  the  crib  somewhat  larger 
than  the  footing,  so  that  a  smaller  form  can  be  placed  inside  of  the  crib, 
thus  leaving  a  nine  to  twelve  inch  water  channel  on  the  four  sides  be- 
tween the  inner  form  and  the  crib.  A  sump  should  be  dug  in  one  comer 
of  the  crib  for  the  strainer  of  the  suction  hose.  If  this  sump  is  deep 
enough  and  if  the  capacity  of  the  pump  is  sufficient,  the  water  level  can 
be  kept  down  to  or  a  little  below  the  top  surface  of  the  bed  of  gravel, 
so  that  the  concrete  can  be  placed  in  the  dry  within  the  inner  form.  As 
the  lower  layers  of  concrete  set  up  sufficiently  to  resist  wash,  the  water 
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level  can  be  allowed  to  rise  gradually,  thereby  decreasing  the  duty  of 
the  pump.  This  method  permits  of  each  batch  being  deposited  in  full 
view  of  the  supervising  engineer,  and  no  uncertainty  can  then  arise  as 
to  the  quality  of  the  concrete. 

After  the  cofferdam  is  completed,  it  becomes  necessary  to  pump  out 
the  water  so  that  the  foundation  work  may  proceed.  Where  large  vol- 
mnes  of  water  are  to  be  raised  against  low  heads,  the  centrifugal  pump 
is  the  best  kind,  especially  as  it  can  operate  with  considerable  sand  and 
silt  in  the  water.  This  type  of  pump  must  be  kept  running  above  a  cer- 
tain critical  speed  or  it  will  lose  its  priming.  For  a  limited  amount  of 
water,  the  pulsometer  is  best  adapted.  The  height  to  which  it  can  lift 
water  is  practically  unlimited.  It  can  be  hung  inside  the  cofferdam  or 
crib  and  does  not  require  much  room. 

The  difficulties  usually  encountered  in  the  cofferdam  method  of  plac- 
ing a  foundation  are  many.  There  is  the  constant  leakage  to  be  removed; 
for  it  generally  requires  too  large  an  expenditure  of  tune  and  money  to 
make  cofferdams  absolutely  water-tight.  There  is  the  constant  danger 
of  flooding  vnth.  its  damage  to  a  partially  completed  substructure,  as  well 
as  a  halt  in  operations.  There  is  also  the  possibility  of  collapse  with 
consequent  damages  and  often  with  the  loss  of  life.  Even  steel  sheet 
pile  cofferdams  have  failed  in  this  manner.  The  usual  uneveimess  of 
bed-rock  and  crevices  in  the  same  make  it  difficult  to  shut  out  the  water, 
if  there  is  much  head  to  work  against.  If  bed-rock  is  absent  and  the 
substructure  has  to  rest  on  a  gravel  formation,  there  will  be  a  large  influx 
of  water  from  the  bottom,  requiring  a  large  pumping  capacity  and  con- 
stant vigilance  to  keep  the  water  down  so  that  operations  can  be  carried 
on  uninterruptedly.  Should  springs  be  encountered  in  the  bed,  it  would 
be  best  to  let  the  crib  fill  and  then  deposit  some  concrete  under  water 
in  order  to  seal  the  bottom.  This  concrete  should  be  allowed  to  set  sev- 
eral days  before  pumping  out  the  crib.  In  case  of  small  springs  it  is  prac- 
tical to  pipe  their  flow  away  to  a  sump  hole  and  then  deposit  concrete 
over  the  pipe  leaving  it  embedded  therein.  Under  no  circumstances 
should  the  flow  be  allowed  to  go  unconflned  and  spread  through  the  mass 
of  concrete,  thereby  washing  out  cement  and  leaving  bare  surfaces  and 
weakened  bearings  in  the  interior  of  the  base. 

As  conditions  are  seldom  alike  in  any  two  cases,  it  is  impossible  to 
say  \vithout  a  special  study  of  all  of  them  at  a  particular  crossing  what 
the  cost  of  the  cofferdam  method  would  likely  be.  As  stated  in  the  pre- 
ceding chapter,  this  method  nearly  always  figures  low  in  the  preliminary 
estimate,  but  is  generally  found  to  run  much  higher  when  the  total  cost 
of  the  finished  structure  is  computed.  While  it  is  possible  to  calculate 
with  reasonable  precision  the  original  amount  of  material  and  labor  en- 
tering into  the  construction  of  a  cofferdam,  one  cannot  foresee  how  many 
times  such  material  and  labor  may  have  to  be  replaced;  hence  in  any 
cofferdam  estunate  it  is  well  to  allow  a  large  percentage  for  contingencies. 
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The  guiding  principle-  in  selecting  a  type  of  cofferdam  should  be  to 
make  the  cost  of  construction,  maintenance,  and  pumping  a  minimum, 
provided,  of  course,  that  the  desired  excellence  of  the  permanent  con- 
struction be  attamed. 

While  the  author  has  used  in  his  practice  all  the  preceding  types  of 
cofferdams  very  extensively  for  small  bridges  and  for  the  approaches  to 
large  ones,  or,  more  strictly  speaking,  has  countenanced  his  contractors 
in  so  doing,  he  has  nearly  always  avoided  employing  any  of  them  for 
the  foundations  of  large  structures.  A  notable  exception  was  his  Mau- 
mee  River  Bridge  near  Toledo,  Ohio,  where  all  the  piers  were  put  in  by 
means  of  movable  cofferdams,  the  conditions  there  being  specially  favor- 
able for  that  type,  for  there  was  almost  no  sand  deposit,  the  rock  was 
nearly  bare  and  always  at  a  depth  small  enough  to  render  inconsiderable 
the  risk  of  serious  trouble,  the  piers  (with  the  exception  of  the  pivot- 
pier)  were  alike,  and  the  distance  to  bed-rock  was  practically  uniform. 

If  there  be  any  choice  between  the  employment  of  open-dredged 
boxes  or  cribs,  either  with  or  without  piles,  as  described  in  the  preceding 
chapter,  and  any  one  of  the  various  types  of  cofferdam,  the  author  will 
adopt  the  former;  because  it  is  generally  much  more  reliable  and  in  the 
end  less  expensive.  There  are  conditions,  however,  where  it  ought  not 
to  be  used,  for  instance,  when  the  bottom  is  irregular  in  either  form  or 
hardness — or  both,  or  where  trouble  may  be  anticipated  in  sinking  the 
box  to  a  satisfactory  depth  without  pumping  out  the  water.  There  are 
cases,  though,  in  which  the  box  can  be  sunk  far  enough  into  a  water- 
tight material  to  permit  of  its  being  pumped  out  and  the  excavation 
continued  in  the  dry  without  further  sinking.  This  was  done  on  several 
of  the  author's  British  Columbia  bridges,  including  some  over  the 
Thompson  River — a  stream  that  is  both  difficult  and  expensive  to  bridge 
because  of  the  varying  and  irregular  characteristics  of  the  bed,  the 
prevalence  of  boulders,  and  the  occasional  extreme  hardness  of  the  clay 
encountered. 

Anyone  desirous  of  studying  further  the  subject  of  cofferdams,  or, 
for  that  matter,  any  other  branch  of  bridge  pier  foundations,  is  advised 
to  read  the  third  edition  of  C.  E.  Fowler's  excellent  work  entitled  a  "Prac- 
tical Treatise  on  Siib-Aqueous  Foundations."  It  contains  a  vast  fund 
of  valuable  information  upon  substructure  work  in  general. 
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This  chapter  will  be  limited  to  the  consideration  of  open-dredging  as 
applied  to  deep  foundations,  and  \vill  not  cover  cofferdam  work,  shallow 
foundations,  or  open-dredging  for  pile  foundations. 

The  method  is  suitable  for  two  conditions  only,  viz.: 

First.  Where  the  foundation  is  too  deep  to  be  reached  by  the  pneu- 
matic process,  and 

Second.  Where  the  foundation  at  the  depth  desired  to  be  attained 
is  sand,  gravel,  or  other  hard  material  that  is  protected  thoroughly  against 
scour. 

The  advantages  of  the  open-dredging  process  as  compared  with  the 
pneumatic  process  for  deep  foundations  are  as  follows: 

First.     Greater  cheapness  because  of 

A.  No  expensive  pneumatic  machinery  to  purchase,  ship  to  and 
fro,  and  keep  in  repair. 

B.  No  expensive  sand-hogs  to  employ. 

C.  No  danger  to  workmen  from  compressed  air. 

D.  Greater  daily  progress  in  sinking. 
Second.     Greater  depth  obtainable. 

Third.  Greater  effective  weight  for  sinking;  because  the  upward  pres- 
sure of  the  air  in  a  pneumatic  caisson,  which  is  about  equal  to  the  weight 
of  the  water  displaced  by  it,  acts  as  a  direct  decrease  of  the  effective  load 
for  overcoming  friction.  This  remark  applies  specially  to  piers  of  small 
area. 

Its  disadvantages  are  as  follows: 

First.     Uncertainty  about  the  removal  of  obstacles. 

Second.     Possible  expense  of  having  to  employ  a  diver. 

Third.     Impracticability  of  sinking  into  bed-rock. 

While  in  most  cases  of  deep  foundations  where  there  is  any  choice 
between  the  open-dredging  process  and  the  pneumatic  process,  the  former 
is  likely  to  prove  the  cheaper,  it  is  wiser  not  to  adopt  it  unless  the  final 
bearing  be  sand  or  gravel;  because  it  is  better  to  pay  a  little  more  for 
the  certainty  of  sinking  which  the  pneumatic  process  ensures.  Again,  it 
would  not  be  good  engineering  to  adopt  the  open-dredging  process  for  a 
rock  foundation  that  is  easily  reachable  by  the  pneumatic  process,  be- 
cause the  cutting  edges  of  the  caissons  would  l^e  almost  certain  to  take 
an  uneven  bearing  on  the  rock,  and  this  could  not  be  rectified  except  by 
the  use  of  divers  at  a  great  expenditure  of  time  and  money.     Moreover, 
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if  the  bed-rock  is  higher  on  one  side  of  the  caisson  than  on  the  other,  it 
is  hable  to  cause  a  tipping  of  the  pier,  which  is  very  difficult  to  overcome 
in  such  cases  without  the  aid  of  compressed  air.  The  open-dredging  proc- 
ess is  specially  suitable  for  caissons  of  bridges  to  be  built  in  foreign  coun- 
tries, where  the  cost  of  shipping  the  pneumatic  outfit  to  and  fro  would 
be  large,  and  where  the  repairs  to  it  would  be  slow,  expensive,  and  diffi- 
cult to  make,  provided,  of  course,  that  the  foundation  conditions  are 
satisfactory. 

It  is  difficult  to  give  the  comparative  costs  per  cubic  yard  for  sinking 
caissons  by  the  open-dredging  and  the  pneimiatic  processes;  for  so  much 
depends  upon  the  magnitude  of  the  construction,  the  location  of  the 
bridge,  the  proportion  of  actual  excavation  to  total  mass  of  cribs  and 
caissons,  the  nature  of  the  materials  penetrated,  the  amount  and  char- 
acter of  obstructions,  and  various  other  conditions.  Under  the  most 
favorable  circumstances  for  the  open-dredging  process  the  actual  cost  of 
sinking  per  cubic  yard  of  mass  of  cribs  and  caissons  is  about  one-half  (3^) 
of  that  for  the  pneumatic  process;  for  fairly  good  conditions  it  is  from 
two  thirds  (%)  to  three-quarters  (^);  for  unfavorable  conditions  it  is 
about  the  same;  and  for  unusually  bad  conditions  (such,  for  instance,  as 
many  large  logs  encountered)  it  is  sometimes  more  expensive. 

Open-dredging  caissons  can  often  be  sunk  eight  (8)  feet  per  day,  which 
is  about  as  fast  as  the  cribs  can  be  built  up,  while  one-half  of  that  amount 
is  a  good  record  for  pneumatic  work.  The  actual  sinking  by  open-dredg- 
ing often  costs  only  two  (2)  or  three  (3)  dollars  per  cubic  yard  of  mass, 
while  five  (5)  dollars  per  cubic  yard  is  a  fair  allowance  for  the  pneumatic 
process. 

The  open-dredging  process  for  deep  foundations  has  been  in  use  only 
about  thirty  years,  the  oldest  examples  of  it  being  the  Poughkeepsie 
Bridge  over  the  Hudson  River,  where  a  depth  of  one  hundred  and  thirty- 
four  (134)  feet  below  high  water  was  reached,  the  Morgan  City  Bridge 
over  the  Atchafalaya  River,  where  eight  (8)  foot  cylinders  were  sunk 
to  a  depth  of  one  hundred  and  twenty  (120)  feet  below  high  water,  and 
the  Hawksbury  River  Bridge  in  Australia,  where  the  remarkable  depth 
of  one  hundred  and  sixty  (160)  feet  was  attained. 

Probably  the  greatest  depth  ever  reached  was  on  the  bridge  over  the 
Ganges  River  at  Sara,  India,  the  cutting-edge  of  one  of  the  piers  for  this 
structure  landing  one  hundred  and  sixty  (160)  feet  below  lowest  water, 
or  one  hundred  and  ninety  (190)  feet  below  high  flood  level. 

The  engineer  in  this  country  who  has  employed  the  open-dredging 
process  for  deep  foundations  the  most  often  and  most  successfully  is  prob- 
ably the  author.  He  first  used  it  in  the  early  nineties  on  the  Missouri 
River  at  Sioux  City  and  at  East  Omaha.  In  the  former  case  the  depth  below 
high  water  attained  was  one  hundred  and  ten  (110)  feet,  and  in  the  latter 
one  hundred  and  forty-two  (142)  feet.  About  1900  he  employed  the 
process  for  bridges  over  the  following  important  rivers  on  the  line  of  the 
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Vera  Cruz  and  Pacific  Railway  in  the  Republic  of  Mexico:  Papaloapam, 
Tescchoacan,  Colorado,  and  Trinidad.  In  these  cases  the  foundations 
were  sand  and  gravel,  with  no  bed-rock  discoverable  by  the  boring  outfit; 
and  the  depths  below  extreme  low  water  averaged  about  fifty  (50)  feet, 
being  sufficient  to  ensure  the  piers  against  all  possible  scour. 

In  1902  and  1903  the  author  engineered  the  building  of  a  bridge  over 
the  Fraser  River  at  New  Westminster,  British  Columbia,  in  which  some 
of  the  piers  were  sunk  by  open-dredging  to  a  depth  of  one  hundred  and 
twenty-seven  (127)  feet  below  extreme  low  water,  or  more  than  one  hun- 
dred and  forty  (140)  feet  below  high  water. 

In  the  Oregon  and  Washington  Railway  and  Navigation  Company's 
vertical  lift  bridge  over  the  Willamette  River  at  Portland,  Oregon,  de- 
signed and  engineered  by  the  author's  firm  under  the  direct  supervision 
of  Mr.  Harrington,  the  two  main  piers  shown  in  Figs.  40a  and  406  were 
sunk  by  the  open-dredging  process  under  great  difficulties.  The  depths 
to  which  their  bases  had  to  go,  viz.,  132  and  145  feet  below  low  water, 
rendered  the  open-dredging  process  obligatory.  In  plan,  each  caisson 
was  36  feet  X  72  feet.  The  borings  showed  a  bed  of  cemented  gravel  and 
boulders  amply  solid  for  a  foundation;  but,  unfortunately,  it  was  far  from 
level,  in  one  case  there  being  a  difference  of  elevation  of  nineteen  (19) 
feet  between  the  diagonally  opposite  corners  of  the  caisson.  Before  any 
sinking  was  attempted,  the  foundation  was  prepared  by  blasting  to  re- 
ceive the  caisson.  Holes,  spaced  six  (6)  feet  centres  over  an  area  some- 
what greater  than  that  of  the  caisson,  were  put  down  about  six  (6)  feet 
at  a  time  into  the  hard  material,  then  blasted  so  as  to  loosen  the  gravel; 
and  this  operation  was  continued  for  each  hole  until  a  depth  exceeding 
by  two  feet  that  of  the  final  position  of  the  caisson  base  was  attained. 
It  was  necessary  first  to  drive  a  four  (4)  inch  pipe  so  as  to  shut  out  the 
flow  of  silt,  then  to  put  down  another  three  (3)  inches  in  diameter  inside 
of  the  first  one.  The  pipes  were  sunk  by  a  3200  lb.  hammer  dropped 
from  four  (4)  to  twelve  (12)  inches  per  blow.  A  cross-bit  drill  attached  to 
a  two  (2)  inch  pipe  was  used  to  penetrate  the  gravel  and  was  followed  with 
the  case-pipe.  After  a  penetration  of  about  six  (6)  feet  into  the  unbroken 
mass  was  reached,  a  thirty  (30)  pound  charge  of  djmamite  was  lowered 
to  the  bottom  of  the  hole,  and  the  pipe  was  withdrawn  to  about  three 
(3)  feet  above  the  charge,  so  as  to  be  out  of  danger,  then  the  explosive 
v/as  fired,  the  casing  was  again  driven,  and  the  same  operations  were  re- 
peated until  the  desired  depth  was  reached.  It  was  found  necessary 
to  weight  down  the  dynamite  charge  so  as  to  prevent  its  being  hfted  when 
the  pipe  was  pulled.  A  water  jet  was  employed  in  the  usual  manner  for 
cleaning  out  the  pipes.  During  the  sinking  of  the  caissons  it  was  often 
found  necessary  to  put  down  holes  about  one  foot  outside  of  the  periph- 
ery and  blast  the  gravel  into  the  partially  excavated  interior  of  the 
chamber. 

Caissons  to  be  sunk  by  open-dredging  are  usually  built  either  of  timber 
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or  of  stecil.  Th(>  advantages  of  tiniljer  arc  generally  cheapness  and  saving 
of  time  in  procuring  the  materials;  while  the  sole  advantage  of  steel  is  the 
greater  effective  weight  for  sinking  that  it  affords.  It  is,  of  course,  con- 
ceivable that  in  certain  localities  steel  would  be  cheaper  than  timber, 
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Fig.  40a.     Open-dredging  Caisson  and  Cofferdam  for  the  O.-W.  R.  R.  &  N.  Co.'s 
Bridge  over  the  Willamette  River  at  Portland,  Ore. 


but  it  is  a  very  unlikely  condition.  It  is  much  more  probable  that  a  case 
might  arise  where  the  metal  is  more  readily  procural)le  than  the  timber; 
but  this,  too,  is  unlikely. 

As  for  the  question  of  durability,  any  sound  timber  (^vith  possibly 
a  few  exceptions,  such  as  cottonwood)  continuously  submerged  in  fresh 
water  will  last  forever,  and  steel  in  like  conditions  corrodes  very  slowly. 
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In  salt  water  the  timber  is  liable  to  be  destroyed  ])y  sea-worms;    and, 
therefore,  the  caissons  should  be  so  designed  that  the  destruction  of  the 
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Fig.  406.     Open-dredging  Caisson  and  Cofferdam   for  the  O.-W.  R.  R.  &  N.  Co.'s 
Bridge  over  the  Willamette  River  at  Portland,  Ore. 

wood  will  not  injure  their  strength      This  can  be  accomplished  by  sink- 
ing the  tops  of  the  wooden  decks  so  far  below  mud-line  that  the  greatest 
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possible  scour  will  not  expose  them,  and  by  removing  the  bracing  timbers 
from  the  crib  as  the  concrete  reaches  them,  although  no  serious  damage 
would  occur  were  they  left  in,  for  the  concrete  would  arch  over  the  open 
spaces  left  by  the  destroyed  wood.  The  author  adopted  this  method  of 
protecting  against  the  ravages  of  the  teredo  in  the  various  bridges  that 
he  built  in  the  City  of  Vancouver,  British  Columbia.  It  was  also  used 
by  him  in  the  Boca  del  Rio  Bridge,  v/hich  was  built  within  a  few  yards  of 
the  Gulf  of  Mexico  near  Vera  Cruz. 

To  protect  against  the  corrosion  of  steel  in  caissons  sunk  in  salt  water, 
the  detailing  must  be  so  designed  that  the  concrete  is  nowhere  wholly 
separated  by  the  metal,  thus  leaving  the  mass  practically  monolithic. 
It  will  require  some  care  to  build  steel  caissons  in  this  manner;  but  it 
can  be  done — and  certainly  it  should  be.  It  would  be  a  wise  precaution 
so  to  build  them  for  sinking  in  fresh  water  also,  in  order  that,  if  centuries 
hence  the  steel  is  seriously  corroded,  no  disaster  will  result.  As  far  as 
the  author  knows,  this  desideratum  has  not  yet  been  attained. 

Reinforced  concrete  caissons  for  open  dredging  have  been  successfully 
employed  upon  some  of  the  work  of  the  author's  firm.  In  the  case  of 
the  reinforced  concrete  arch  across  the  Blue  River  at  Fifteenth  Street 
in  Kansas  City,  Missouri,  reinforced  concrete  shells  were  sunk  to  a  depth 
of  about  (60)  sixty  feet.  These  shells,  or  caissons,  were  rectangular  in  form 
and  were  divided  into  three  chambers  by  cross  walls,  and  the  lower  edges 
of  the  sides  were  tapered  to  produce  a  cutting  edge  effect.  About  two 
and  a  half  feet  from  the  bottom  a  large  recess  or  groove  was  moulded  into 
the  interior  faces  of  all  these  walls;  and  when  the  caisson  had  landed,  a  five 
(5)  foot  deposit  of  concrete  was  placed  in  the  bottom.  This  layer  of 
concrete  dovetailed  into  the  groove  just  mentioned  and  thus  became  a 
fixed  base  continuous  over  the  entire  caisson.  These  chambers  were  then 
filled  with  sand  to  provide  the  additional  weight  and  stability  required. 
Movable  forms  were  used  in  building  the  caisson.  The  walls  of  the  form 
were  held  in  place  by  bolts  screwing  into  special  nuts  buried  in  the  con- 
crete close  to  the  face.  By  unscrewing  these  bolts  the  form  was  freed, 
after  which  it  could  be  moved  upward  for  the  next  layer,  the  bolts  being 
screwed  into  a  higher  set  of  nuts  previously  placed. 

Modern  caissons  are  made  rectangular,  square,  or  octagonal  in  cross- 
section,  the  last  form  being  often  adopted  for  pivot-piers  of  swing-bridges. 
There  seems  to  be  some  doubt  as  to  whether  the  saving  in  volume  by 
the  smaller  section  of  the  octagon  as  compared  to  the  corresponding 
square  is  sufficient  to  compensate  for  the  extra  cost  of  framing  the  ex- 
terior timbers;  but  those  who  are  best  posted  on  such  matters  are  con- 
vinced that  the  net  saving  is  considerable.  It  is  only  when  contractors 
are  paid  by  the  cubic  yard  that  a  plea  is  made  for  the  use  of  square  cais- 
sons to  support  pivot-piers.  If  they  were  paid  by  the  lump  sum  and  the 
choice  were  left  to  them,  they  would  certainly  adopt  the  octagon. 

Metal  caissons  are  generally  circular  in  cross-section;    but  they  are 
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sometimes  made  rectangular  with  semi-circular  ends.  The  latter  section 
is  objectionable  because  of  the  difficulty  in  stiffening  it  properly  without 
cutting  up  the  concrete  too  much. 

In  circular  and  octagonal  caissons  there  is  a  central  well  for  the  piu"- 
pose  of  excavation;  and  in  the  other  caissons  there  are  generally  two 
(2),  but  sometimes  three  (3)  wells.  The  size  of  any  well  is  governed  by 
the  following  considerations: 

First.  It  should  be  made  big  enough  to  permit  the  largest  dredge 
used  to  pass  down  and  up  readily. 

Second.  It  should  generally  be  made  as  small  as  practicable  so  as  to 
obtain  the  largest  possible  weight  of  concrete  in  order  to  overcome  the 
greatest  friction  that  is  likely  to  be  encountered  during  the  sinking. 

Third.  It  should  not  be  made  so  small  that  the  distance  between 
the  cutting  edge  of  the  caisson  and  the  reach  of  the  bucket  is  so  great 
as  to  permit  the  material  to  resist  caving;  because  that  would  entail 
unnecessary  labor  and  expense  for  jetting. 

In  designing  all  caissons  there  should  always  be  made  an  allowance 
for  a  possible  error  of  final  position,  because  the  shaft  of  the  pier  must 
be  located  properly,  even  if  it  be  eccentric  to  its  supporting  crib  and 
caisson.  Usually  an  allowance  of  one  foot  all  around  the  base  of  the 
shaft  between  it  and  the  inner  surface  of  the  cofferdam  will  suffice,  al- 
though contractors  who  are  paid  by  the  cubic  yard  often  claim  that  there 
should  be  more  leeway  than  this.  In  case  of  very  narrow  caissons  it 
might  be  well  to  increase  the  amount  somewhat  not  only  for  the  sake 
of  stability  but  also  because  long,  narrow  caissons  are  difficult  to  sink 
to  exact  position.  For  caissons  to  be  sunk  to  great  depth  and  through 
quicksand  it  is  advisable  to  increase  the  play  allowance — possibly  to  as 
much  as  two  (2)  feet  clear  all  around;  but  this  ought  to  be  a  maximum, 
if  proper  care  is  taken  during  sinking  to  prevent  the  caisson  from  getting 
out  of  position.  It  is  true  that  in  sinking  one  of  the  caissons  of  the  Hawks- 
bury  River  Bridge,  it  was  landed  some  five  (5)  feet  out  of  place  in  a  di- 
rection transverse  to  the  length  of  the  superstructure,  thus  necessitating 
a  corbeling  of  the  shaft;  but  the  trouble  was  due  to  an  unnecessary  flare 
in  the  metalwork  near  the  cutting  edge.  There  used  to  be  an  idea  preva- 
lent among  bridgemen  that  all  caissons  should  have  their  sides  battered 
in  order  to  facilitate  the  sinking;  but  this  is  a  fallacy,  because  such  a 
bMter  renders  the  keeping  of  the  mass  to  correct  position  extremely  diffi- 
cult; consequently  nowadays  all  cribs  and  caissons  are  built  with  vertical 
sides. 

Timber  caissons  in  most  cases  should  be  provided  with  steel  cutting 
edges  firmly  attached  to  the  wood;  and  in  steel  caissons  the  metal  at  the 
bottom  should  be  drawn  down  to  a  blunt  cutting  edge.  This  is  to  en- 
able the  periphery  of  the  bottom  of  the  box  to  force  its  way  through 
small  logs  and  to  push  aside  moderately  large  boulders  that  may  be  en- 
countered during  the  sinking.     Of  course,  if  it  is  almost  certain  that  no 
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serious  obstructions  will  be  met  with,  the  steel  cutting  edges  may  be 
omitted  from  timber  caissons;  but  such  omission  might  involve  serious 
loss  and  delay. 

The  batter  of  the  interior  of  the  chamber  (which  corresponds  to  the 
working  chamber  of  a  pneumatic  caisson)  should  be  such  that  the  ma- 
terial will  be  readily  forced  from  the  exterior  toward  the  centre,  where 
it  will  be  reached  by  the  dredges.  Some  engineers  contend  that  the  tim- 
bers should  be  stepped  off  so  as  to  avoid  the  splitting  effect  of  the  wedge 
planes  that  exists  where  the  chamber  is  lined  with  planks;  but  others 
claim  that  it  is  better  to  provide  the  planes  so  as  to  facilitate  the  flow 
of  the  material,  and  that  the  concrete  or  grouting  placed  below  water 
will  fail  to  fill  the  corners  of  the  offsets  where  the  stepping  off  is  done. 
In  case  of  caissons  sunk  through  a  great  depth  of  material  that  is  not 
liable  to  scour  much,  this  tendency  to  split  will  be  resisted  by  the  exterior 
pressure  of  the  earth,  hence  the  wedge  planes  are  there  advisable;  but, 
otherwise,  it  would  be  safer  to  step  off  the  timbers,  as  was  done  in  the 
caissons  of  the  New  Westminster  Bridge. 

In  order  to  enable  the  water  in  the  shafts  to  be  pumped  out  after 
the  chamber  is  sealed,  all  joints  in  both  timber  and  steel  caissons  should 
be  caulked,  and  the  deck  timbers  should  likewise  be  caulked  or  else  have 
a  coat  of  thick,  hot  pitch  in  all  joints,  both  horizontal  and  vertical.  The 
caulking  should  be  done  with  oakum.  The  pitch  used  for  the  New  West- 
minster caissons  consisted  of  crude  resin  mixed  with  a  sufficient  quantity 
of  tallow  to  make  the  mass  stiff  but  not  brittle.  This  mixture  was 
melted  in  a  large  kettle  and  thoroughly  stirred.  It  was  applied  by  means 
of  tin  vessels  ^vith  long  spouts.  These  prevented  the  loss  of  the  pitch 
and  ensured  its  being  placed  exactly  where  needed.  A  layer  of  one  foot 
of  one-two  grouting,  placed  in  the  dry  on  top  of  the  timber  deck  before 
sinking  is  begun,  aids  greatly  in  making  the  deck  water-tight.  This  was 
done  in  some  of  the  deep  piers  of  the  New  Westminster  Bridge. 

In  building  wooden  caissons,  if  possible,  all  timbers  should  be  of  the 
full  length  or  width  of  the  caisson;  and  where  this  provision  is  not  en- 
forced, great  care  should  be  taken  in  the  designing  to  provide  proper 
strength.  The  timbers  in  adjacent  courses  should  be  broken  on  opposite 
sides  of  the  centre  line  so  that  not  more  than  fifty  (50)  per  cent  are  cut 
at  the  same  place.  These  breaks  should,  preferably,  be  made  at  points 
where  cross-bracing  is  employed.  Drift  bolts  connecting  adjacent  timbers 
should  be  spaced  not  to  exceed  four  (4)  feet  centres,  and  often  preferably 
three  (3)  feet.  They  should  be  long  enough  to  pass  entirely  through  the 
upper  and  nearly  through  the  lower  of  the  two  timbers  that  they  unite. 

Fig.  40c  illustrates  the  design  of  one  of  the  caissons  of  the  New  West- 
minster Bridge,  also  the  crib  thereof.  As  can  be  seen  from  the  drawing, 
the  crib  is  divided  into  small  spaces  or  pockets  which  were  to  be  filled 
with  concrete  as  the  sinking  proceeded.  The  walls  of  these  spaces  were 
not  made  continuous;    for  if  they  were,  the  mass  of  concrete  would  fail 


OPEN-DREDGING   PllOCESS 


989 


to  be  monolithic.  By  loavius  larse  oin^n  sixices  in  the  division  walls,  the 
concrete  in  the  various  pockets  unites  to  form  a  continuous  mass.  It 
must  be  remembered  that  this  concrete  is  placed  in  the  dry  and  that 
the  workmen  can  pack  it  up  close  to  the  bottoms  of  the  dividing  timbers. 
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over  the  Fraser  River. 


All  framing  of  the  timber  should  be  done  in  a  substantial  manner  so 
that  the  crib  and  caisson  will  hold  their  shape  in  case  that  it  be  found 
necessary  to  force  the  cutting  edges  through  logs  or  masses  of  boulders. 
It  used  to  be  the  custom  to  half-dap  all  caisson  and  cril)  timbers  at  corners; 
but  it  was  found  better  and  more  economical  on  the  New  Westminster 
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Bridge  to  omit  the  dapping  and  to  alternate  the  short  and  the  long  tim- 
bers in  the  adjoining  vertical  layers.  This  method  makes  a  stronger 
construction  and  saves  considerable  time  and  expense.  The  latest  and 
most  efficient  detail  adopted  by  the  author  for  the  corner  framing  is  that 
shown  in  Fig.  41a.  This  is  similar  to  that  used  on  the  New  Westminster 
piers,  except  that  the  through  timbers  in  each  course  are  notched  out  two 
(2)  inches  at  each  end,  and  the  short  timbers  are  extended  that  amount  so 
as  to  bear  against  the  two-inch  offset. 

The  author  makes  a  practice  of  building  pipes  into  the  timber  and 
concrete  near  the  periphery  of  the  caisson  as  the  construction  proceeds, 
so  as  to  inject  water  for  the  purpose  of  loosening  the  materials.  Some 
of  his  contractors  have  objected  to  these  pipes  on  account  of  the  extra 
expense  which  they  involve  and  because  they  require  extra  careful  caulk- 
ing in  order  to  prevent  leaks  around  them.  Very  often  they  are  not  used 
at  all;  but  when  they  are  needed  they  are  wanted  badly;  and  their  em- 
ployment in  even  one  case  out  of  five  would  show  a  resultant  economy. 
An  incidental  advantage  which  they  possess  is  that  they  can  be  charged 
with  grouting  simultaneously  with  the  chamber,  and  the  great  head  of 
the  fluid  will  ensure  every  comer  thereof  and  every  otherwise  possible 
void  in  the  concrete  at  the  base  being  completely  filled.  The  experi- 
ment has  been  made  of  turning  some  of  the  pipes  outward  through  the 
periphery  of  the  crib  at  various  heights  in  order  by  jetting  to  reduce 
the  side  friction,  but  as  there  was  no  need  for  them,  there  was  no  proof 
given  of  their  efficacy.  The  author  believes  that  the  expedient  is  a  good 
one  for  cases  when  great  frictional  resistance  is  anticipated,  especially 
as  the  cost  of  the  pipes  is  small.  All  pipes  used  for  jetting  should  ulti- 
mately be  filled  with  grouting  so  as  to  leave  no  void  in  the  construction. 

Removable  cofferdams  of  timber  or  steel  are  used  to  carry  the  sides 
of  the  cribs  above  water  level  and  thus  to  enable  the  shafts  to  be  built 
in  the  dry.     They  should  be  made  as  nearly  water-tight  as  possible. 

The  method  of  constructing  steel  caissons  for  open-dredging  is  shown 
in  Fig.  40d,  which  illustrates  one  of  the  deep  piers  of  the  East  Omaha 
Bridge.  The  objectionable  wedge  effect  of  the  conical  surface  of  the 
chamber  is  resisted  by  the  exterior  pressure  of  the  gravel  and  boulders, 
which  must  be  very  high  at  the  great  depth  attained.  In  similar  future 
constructions  (especially  for  bridges  over  salt  water)  the  author  would 
make  the  roof  of  the  chamber  horizontal  and  support  it  by  radial  brackets, 
and  would  ensure  filling  all  spaces  by  injecting  grout  under  great  head 
through  the  peripheral  pipes. 

Other  details  of  construction  for  open-dredging  cribs  and  caissons  are 
given  in  the  specifications  for  piers  in  Chapter  XLII. 

As  soon  as  a  caisson  is  launched  from  the  ways,  it  is  towed  into  proper 
position  and  held  there  by  guide-piles  properly  braced,  or  by  some  other 
satisfactory  method,  then  the  pockets  are  partially  filled  with  concrete, 
and  the  sides  of  the  crib  are  built  up  till  the  cutting  edge  bears  firmly  on 
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the  bottom.     Then  the  hych'aulic  elevators  or  dredges  are  put  to  work 
on  excavating  through  the  well  or  wells,  and  as  fast  as  the  material  is 


DC 


J 


'\FV  for  Dm/aim  Cyl  i  .;  "^^''^''M 
\  \}  Wck,  SpTictdat   I  -js  5  f^l'^^J  <"'  ^^ 
■.i6CicfiiMraimf^\  '^each^cfCiruinm 
•  3  and  at  each  bft.<\    \  ^''^^L^'it"'''-  i 
^vert  Spl.K    ^1    ■.SpMb'iaupt 
:1.         b'fl"    \  [Borr. Course. 


Plan  of  Shaft. 
f /  550.  ?3  loweif  Wafer  Levef 


Part  Vertical  Section. 


X.5.  Riveti  on  Oufs.  of  Band 
Part  Elevation. 


^= 

-  £1. 546. 0  Concrete  hnish  "^-f- 

\^Topof\Cy//rider 

1 

1 

1       1 

1 

■  1    i! 

1    II, 

1 

\      \i 

Cen 

t            t 

1 

1           1       1 

<-| 4dYouffo^at 

I,j 

1       M 

1    1 

1 

1                           — T- 

'■        T 

\x 

1     1   \A 

i 

1- 40 '\Z" 

■—• -»J 

Fig.  40f7.     Open-dredging  Caisson  for  the  East  Omaha  Bridge  over  the  Missouri  River. 


removed  the  caisson  sinks,  the  crib  is  built  up,  and  the  pockets  are  filled 
with  concrete.  These  operations  are  continued  until  the  required  depth 
is  reached. 
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The  best  dredges  for  the  work  are  the  clam-shell  and  the  orange  peel. 
These  are  used  for  removing  boulders  and  coarse  gravel  which  the  hydrau- 
lic elevator  does  not  raise.  There  is  no  choice  between  the  clam-shell  and 
the  orange  peel  dredges,  for  under  varying  conditions  either  one  is  likely 
to  operate  far  better  than  the  other;  hence  it  is  generally  necessary  on  a 
large  piece  of  work  to  have  both  on  hand.  Dredges  composed  of  endless 
chains  carrying  buckets  have  been  tried  for  sinking  caissons  by  open- 
dredging,  but  they  did  not  prove  to  be  as  satisfactory  as  either  of  the 
two  types  just  mentioned. 

The  method  of  operation  of  the  hj^draulic  elevator  is  as  follows: 

Water  is  forced  do^vTi  by  a  pump  through  a  vertical  pipe  of  about 
three  inches  inside  diameter  into  a  curved  pipe  which  connects  with  a 
cast-steel  cylinder  that  has  another  cylinder  attached,  the  latter  being 
connected  to  a  perforated  cast  base,  which  is  kept  embedded  in  the  ma- 
terial to  be  raised.  The  upper  end  of  the  main  cylinder  connects  to  a 
discharge  pipe  extending  above  the  surface  of  the  water  and  terminating 
in  a  gooseneck.  The  forcing  of  the  water  down  the  small  pipe  and  up 
the  large  one  sucks  up  a  mixture  of  earth  and  water  through  the  perfor- 
ated casting  and  discharges  it  through  the  gooseneck.  As  long  as  the 
hydraulic  elevator  operates  satisfactorily,  it  is  kept  going;  and  when  it 
ceases  to  do  so,  it  is  either  hoisted  out  of  the  well  or  shifted  into  one  corner, 
and  a  dredge  is  put  to  work  to  remove  the  accumulation  of  boulders  or 
coarse  gravel  that  the  elevator  cannot  carry.  By  thus  alternating  the 
use  of  the  elevator  and  dredge  great  progress  is  made  in  the  excavation — 
much  more  than  is  generally  attained  by  the  pneumatic  process.  Of 
course,  the  length  of  the  hydraulic  elevator  has  to  be  increased  by  re- 
moving the  gooseneck,  adding  pieces  of  pipe,  and  replacing  the  goose- 
neck as  the  sinking  proceeds. 

Should  the  excavation  go  too  slowly,  water  can  be  forced  through 
the  pipes  that  are  built  into  the  periphery  of  the  caisson  in  order  to  loosen 
the  material  adjacent  to  the  cutting  edge  and  drive  it  toward  the  middle, 
where  it  will  be  reached  by  the  elevators  and  dredges;  or  else  a  movable 
jet  may  be  employed.  This  consists  of  a  single  pipe  having  at  its  lower 
end  a  connection  with  two  short  pipe-jets  that  are  hinged  where  they 
join.  They  make  an  angle  of  one  hundred  and  eighty  (180)  degrees 
with  each  other,  so  that  the  water  passes  out  in  two  diametrically  oppo- 
site directions;  and  thus  the  pipe  is  kept  vertical,  which  it  would  not 
be  if  there  were  an  unbalanced  pressure,  as  would  be  the  case  were  only 
one  orifice  provided.  The  hinging  of  these  jets  enables  them  to  be  shoved 
well  over  toward  the  cutting  edges.  They  are  moved  by  small  wire 
ropes  that  lead  along  the  main  pipe  to  the  top  of  the  caisson.  By  rotating 
this  apparatus  slowly  all  portions  of  the  cutting  edge  may  be  reached 
by  the  jets. 

As  the  caisson  approaches  Ixnl-rock  it  is  liable  to  encounter  a  mass 
of  overlying  boulders,  which  tends  to  make  the  sinking  very  difficult.     In 
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Imildinp;  the  East  Omaha  Hridso  tlio  deep  caissons  wore  forced  part  way 
through  such  boulders  by  exploding  small  charges  of  dynamite  in  the 
chamber.  The  resulting  shock  caused  such  vibration  that  at  first  the 
caisson  sank  several  inches  at  each  discharge,  but  later  it  lodged  per- 
manently on  the  boulders,  which  had  to  be  left  under  the  cutting  edge, 
although  the  bed-rock  was  laid  bare  near  the  centre.  Care  must  be 
taken  not  to  injure  the  walls  of  the  chamber  by  using  too  large  charges 
of  the  explosive.  Dynamiting  down  caissons  was  tried  successfully  also 
on  the  Koyakhai  Bridge  in  India.  On  that  work  trouble  was  experi- 
enced in  sinking  through  stiff  clay,  which  was  penetrated  only  by  using 
hea\y  steel  cutters.  The  author  employed  this  expedient  successfully 
in  sinking  some  timber  boxes  for  the  pile  piers  of  the  Iowa  Central  Rail- 
way Company's  bridge  over  the  Mississippi  River  at  Keithsburg,  111. 

The  open-dredging  process  works  well  through  mud,  sand,  gravel, 
and  quicksand,  but  not  so  well  through  clay.  In  fact,  the  existence  of 
a  thick  laj'er  of  verj^  dense  clay  might  be  a  sufficient  reason  for  not  adopt- 
ing the  process.  In  case  of  such  a  bed  of  clay  overlying  quicksand,  if  it 
be  necessary  to  go  into  or  through  the  latter,  a  combination  of  the  two 
processes  can  be  used,  the  pneumatic  method  being  employed  until  the 
quicksand  is  reached;  then  by  removing  a  diaphragm  and  the  pneumatic 
shaft  the  caisson  is  made  ready  for  the  open-dredging  process.  The  author 
some  years  ago  designed  two  piers  for  a  crossing  of  the  Atchafalaya  River 
to  be  sunk  by  the  combined  methods  through  clay  and  quicksand  so  as 
to  reach  a  bed  of  coarse  sand  and  gravel;  but  the  design  was  rejected 
by  the  railroad  company  because  of  its  apparently  high  cost,  and  the 
supposed^  cheaper  method  of  going  down  as  far  as  practicable  by  the 
pneumatic  process,  landing  on  soft  material,  and  protecting  the  piers 
against  scour  by  mattresses  was  employed.  The  author  protested  against 
adopting  such  an  inferior  foundation  and  formally  warned  the  company 
of  probable  disaster.  It  came  before  all  the  substructure  work  was  fin- 
ished, for  one  pier  tipped  forward  so  far  that  every  effort  made  to  right 
it  and  keep  it  plumb  was  unsuccessful.  It  was  put  down  about  one 
hundred  and  ten  (110)  feet  below  high  water  and  could  not  be  removed, 
and  the  company  was  compelled  to  sink  a  large  cjdinder  on  each  side 
of  it  and  to  bridge  across  the  gap  so  as  to  support  the  superstructure. 
Eventually  the  bridge  cost  far  more  money  than  the  author's  design 
would  have  involved,  for  the  unit  prices  obtained  from  bidders  on  his 
plans  and  specific  actions  were  not  excessive,  considering  all  the  difficul- 
ties to  be  overcome  and  the  unfavorable  conditions  for  work  at  the  cross- 
ing. The  lesson  to  the  railroad  company  was  a  severe  one,  because  not 
one  of  its  five  piers  can  be  depended  upon.  Any  one  of  them  is  liable 
to  fail  as  the  first  one  did;  and,  what  is  worse,  nothing  effective  can  be 
done  to  forestall  the  trouble. 

In  the  sinking  of  deep  caissons  one  of  the  most  important  objects 
is  to  get  them  into  true  position;  and  the  only  way  of  accomplishing  this 
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is  to  start  them  right,  guide  them  properly,  and  never  let  them  get  ma- 
terially out  of  place.  The  deeper  they  go  the  easier  it  is  to  keep  them  to 
place  and  plumb,  but  the  more  difficult  it  is  to  correct  errors  of  position 
or  verticality.  Some  contractors  in  their  hurry  to  make  a  great  showing 
of  progress  pay  but  little  attention  to  the  daily  position  of  a  caisson;  but 
the  resident  engineer  who  knows  his  business  will  never  let  a  contractor 
get  a  caisson  out  of  place  more  than  two  (2)  or  three  (3)  inches  ^vithout 
insisting  that  the  error  be  corrected  immediately.  In  most  cases  it  is 
practicable  to  build  a  guide-frame  of  timber  supported  by  well  braced 
piles  in  such  a  way  that  the  caisson  is  held  to  position  at  two  elevations, 
one  near  the  water  surface  and  the  other  some  fifteen  (15)  or  twenty 
(20)  feet  higher.  This  timber  construction  can  generally  be  utihzed  for 
a  working  platform. 

In  some  cases  a  false  bottom  is  placed  on  the  caisson  to  float  it 
into  position,  and  after  getting  it  there  this  bottom  is  removed;  but  gen- 
erally such  an  expedient  is  not  needed.  Often  it  is  necessary  to  suspend 
the  caisson  by  four  (4)  or  more  long,  adjustable  rods  from  the  surromid- 
ing  timber  construction,  and  to  lower  it  gradually  until  the  base  bears 
on  the  soil  sufficiently  to  release  all  tension  on  the  rods,  after  which  the 
latter  are  to  be  removed. 

In  the  New  Westminster  Bridge,  the  contractors,  Messrs.  Armstrong 
and  Morrison  of  Vancouver,  B.  C,  built  a  dock  of  long,  closely-driven 
piles  around  the  location  of  each  deep  caisson,  leaving  the  dowTi-stream  end 
of  each  open  until  after  the  caisson  had  been  floated  in,  when  the  space 
was  closed  by  piling  to  break  the  force  of  the  incoming  tide.  They  used 
a  novel  method  of  bracing  these  piles,  many  of  which  were  over  one  hun- 
dred (100)  feet  long  (for  the  deepest  water  was  about  eighty  feet),  viz., 
by  hinging  a  long  pile  to  another  pile  at  a  point  which  would  be  a  little 
above  the  mud-line  in  final  position,  and  as  the  main  pile  was  driven 
by  combined  hammer  and  water-jets  they  let  the  bracing  pile  drop  grad- 
ually up  or  down  stream,  supporting  it  temporarily  by  ropes,  and  finally 
bolting  it  above  water-level  to  other  piles.  Some  ware  ropes  also  were 
used  for  diagonal  bracing,  being  fastened  to  a  front  pile  near  the  mud-line 
and  to  a  rear  pile  near  its  top. 

The  principal  obstacles  encountered  in  sinking  caissons  are  large 
boulders,  logs,  and  hard  clay  or  compacted  material.  If  the  boulders 
are  in  the  interior  of  the  caisson  and  not  too  large,  the}''  can  be  removed 
by  the  dredge,  but  if  they  come  under  the  cuttmg  edge,  they  have  to 
be  jetted  until  they  are  either  pushed  outside  by  the  weight  of  the  caisson 
or  fall  inside.  In  case  of  boulders  too  large  to  be  lifted  through  the  well 
or  handled  by  the  dredges  or  other  available  apparatus,  they  may  have 
to  be  broken  with  small  charges  of  djoiamite  and  removed  in  pieces,  a 
diver  being  sent  down  to  attend  to  the  drilling  and  the  placing  of  the 
charges.  A  specially  designed  compressed  air  drill  in  the  hands  of  an 
experienced  diver  will  soon  make  a  hole  of  the  required  depth.     Other- 
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wise,  if  the  boulder  be  encountered  near  the  level  of  the  final  position  of 
the  chamljer,  it  may  be  washed  down  and  left  in;  but  in  such  a  case  the 
filling  of  the  base  of  the  chamber  for  at  least  one-half  the  depth  of  the 
boulder  must  be  of  grouting  so  as  to  preclude  the  existence  of  voids  beneath 
the  obstruction.  Logs  lying  across  the  cutting  edges  often  give  consider- 
able trouble.  If  they  are  too  strong  to  be  broken  by  the  weight  of 
the  caisson,  they  have  to  be  shattered  by  dynamite  and  removed  in 
pieces.  The  greatest  obstacle  to  sinking  by  the  open-dredging  process  is 
a  bed  of  hard  clay  or  other  compact  material.  If  the  layer  be  compara- 
tively thin,  the  caisson  can  be  worried  through  it  with  water-jets  in  the 
hands  of  a  diver;  but  if  it  be  thick,  it  may  become  necessary  to  put  on 
air  pressure  temporarily  until  the  hard  layer  is  passed;  and  unless  proper 
provision  was  made  at  the  outset  for  so  doing,  the  job  will  be  found  quite 
difficult,  especially  if  the  depth  of  the  obstruction  below  water  be  great. 

If  much  trouble  is  anticipated  from  scour,  it  is  often  best  to  build  a 
large,  strong  mattress  of  willows  over  the  pier  site  before  the  sinking  of 
the  caisson  is  started.  Some  engineers  and  contractors  in  such  cases 
figure  on  cutting  out  the  mattress  beneath  the  base  of  the  caisson;  but 
the  author  prefers  to  weave  a  hole  in  it  with  a  margin  of  about  three 
(3)  feet  all  around,  in  order  to  provide  for  a  possible  error  of  position  in 
placing  the  mat. 

After  a  caisson  has  reached  its  final  position  and  has  been  cleaned 
out  as  much  as  deemed  necessary,  it  should  be  sealed  by  depositing  through 
a  tremie  some  two  or  three  feet  of  Portland  cement  grouting,  mixed  in 
the  proportion  of  one  part  of  cement  to  two  (2)  parts  of  sand.  This 
should  be  followed  by  a  very  rich  concrete  of  gravel  or  small  broken 
stone,  mixed  at  first  in  the  proportion  of  one,  two,  and  one  and  a  half, 
and  gradually  thiimed  to  one,  two,  and  three.  This  concrete  should  be 
deposited  by  either  a  tremie  or  a  water-tight  collapsible  bucket,  and 
should  be  carried  to  such  a  height  as  will,  in  the  opinion  of  the  engineer, 
effectively  seal  the  interior  against  water  after  the  well  or  wells  have  been 
pumped  out.  In  some  cases  ten  (10)  feet  of  such  sealing  might  suffice, 
but  in  others  twenty  (20)  or  thirty  (30)  feet  might  have  to  be  used.  In 
very  deep  foundations  it  would  be  necessary  to  fill  more  than  enough 
for  mere  sealing,  as  it  would  not  be  advisable  to  pump  more  than  a  cer- 
tain distance  below  water  level.  At  New  Westminster  the  greatest  depth 
pumped  out  was  seventy-five  (75)  feet  below  the  surface  of  the  river,  and, 
in  the  author's  opinion,  this  is  pretty  near  the  advisable  limit,  although 
in  this  case  there  was  no  leakage  at  all  through  the  bottom  and  very 
little  indeed  through  the  sides.  Of  course,  if  much  leakage  be  found  during 
the  pumping,  the  shafts  can  be  filled  again  wdth  water  and  more  concrete 
can  be  deposited  through  it  until  a  safe  height  is  reached;  but  such  at- 
tempts involve  loss  of  time,  as  the  concrete  should  be  allowed  to  set  a 
week  or  ten  (10)  days  before  the  pumping  out  is  begun.  If  the  amount 
of  concrete  placed  through  the  water  be  too  small,  or  if  the  time  of  setting 
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be  too  short,  when  the  pumping  is  done  the  pressure  from  below  may 
either  break  up  the  mass  or  force  water  through  it,  thus  destroying  its 
continuity  and  doing  great  damage. 

After  the  water  is  all  removed  from  the  wells,  the  remaining  space  is 
to  be  filled  in  the  dry  with  ordinary  one-three-five  concrete,  tamped  wher- 
ever necessary  to  fill  comers  and  small  spaces.  Before  beginning  to  fill 
the  shafts,  the  linings  thereof  should  be  torn  out  as  low  as  it  is  possible 
to  remove  them  without  permitting  too  great  a  leakage.  This  is  to  en- 
sure a  proper  bond  between  the  concrete  filling  of  the  shaft  and  that  of 
the  pockets. 

What  the  limit  of  depth  is  which  can  be  reached  by  open-dredging 
through  sand  and  gravel  is  hard  to  anticipate.  It  is  probably  consid- 
erably in  excess  of  two  hundred  (200)  feet  below  water  with  a  penetra- 
tion of  over  one  hundred  (100)  feet  into  the  earth.  The  author  once 
made  a  design  for  open-dredging  caissons  for  such  a  depth,  and  stated 
to  his  prospective  client  that  he  anticipated  no  difficulty  in  sinking  them; 
but  he  had  no  opportunity  to  prove  the  correctness  of  his  statement,  as 
the  project  did  not  materialize. 

The  side  friction  on  caissons  is  known  to  vary  generally  from  four 
hundred  (400)  to  six  hundred  (600)  pounds  per  square  foot  of  area,  and 
the  weight  of  the  mass  is  easily  calculated;  hence  for  any  particular  case 
it  is  practicable  to  compute  about  how  far  a  caisson  can  be  sunk  by  its 
own  weight  and  how  much  further  by  a  reasonably  large  temporary 
loading.  Such  a  loading  can  be  applied  by  building  a  timber  platform, 
cantilevered  beyond  the  crib  so  as  not  to  interfere  with  the  sinking,  and 
loading  it  with  pig-iron,  stone,  or  even  sand;  but  it  is  only  when  a  cais- 
son is  near  its  final  position  that  such  an  expedient  should  be  attempted, 
because  it  would  be  impracticable  to  add  to  the  height  of  the  crib  after 
the  loading  platform  is  placed — besides,  the  temporary  loading  should 
never  be  dropped  as  low  as  the  water  level. 

If  a  caisson  cannot  be  driven  below  a  certain  depth  by  all  the  ordi- 
nary means  of  sinking,  it  is  almost  certain  to  have  reached  a  safe  posi- 
tion; and  if  any  doubt  be  felt  about  the  matter,  it  is  easy  to  provide  an 
effective  protection  of  mattress-work,  rip-rap,  or  both.  In  extreme 
cases,  where  there  is  any  uncertainty  about  the  lateral  stability  of  the 
finished  pier,  the  mass  of  rip-rap  can  be  carried  up  to  such  a  height  as 
to  make  it  absolutely  safe  against  overturning  in  any  direction.  This 
was  done  in  the  case  of  one  of  the  large  piers  of  the  New  Westminster 
Bridge  that  landed  on  a  mass  of  cemented  gravel  which  could  not  be 
penetrated  by  the  dredges,  and  which  was  too  far  below  water  to  warrant 
applying  compressed  air. 

If  a  caisson  is  hung  mainly  by  side  friction,  and  it  is  desired  to  sink 
it  a  little  further,  it  may  be  easier  to  scour  around  the  outside  by  powerful 
water  jets  than  to  put  on  a  temporary  loading. 

If  a  caisson  becomes  tipped,  it  may  be  best  to  block  it  temporarily 
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by  short  timber  posts  on  the  low  side,  placed  by  a  diver,  then  continue 
the  excavation  until  it  is  righted  before  removing  the  blocking;  or  it 
may  be  necessary  to  excavate  on  the  exterior  along  the  high  side  until 
the  cutting  edge  is  undermined.  This  had  to  be  done  on  the  pier  of  the 
New  Westminster  Bridge,  to  which  reference  has  just  been  made.  It  must 
be  remembered  that  after  a  caisson  has  attained  considerable  penetra- 
tion through  good,  firm  material,  such  as  sand  or  gravel,  if  it  strike  a 
harder  bearing  on  one  side  than  on  the  other,  it  vn\\  not  tip  much,  be- 
cause it  will  be  held  firmly  by  the  earth  above;  hence  it  is  usually  only 
with  small  penetrations  that  difficulty  from  tipping  is  encountered,  unless, 
perchance,  a  sliding  bank  of  gumbo  or  clay  be  met,  as  was  the  case  at 
the  Atchafalaya  River  Bridge  before  mentioned. 

Usually  the  neatwork  of  a  pier  is  started  at  an  elevation  of  two  (2) 
or  three  (3)  feet  below  extreme  low  water  level,  but  in  some  cases  it  is 
deeper  than  that.  In  order  that  the  said  neatwork  may  be  laid  in  the 
dry,  which  is  absolutely  essential,  the  crib  will  have  to  be  continued  above 
the  greatest  possible  water  level  that  will  be  encountered  during  the  con- 
struction of  the  shaft  by  means  of  removable  timbers  caulked  so  as  to 
form  a  water-tight  cofferdam.  Exactly  the  same  construction  is  required 
for  the  cribs  of  pneumatic  caissons. 

The  illustrations  for  this  chapter  are  the  same  as  some  of  those  used 
in  Messrs.  Jacoby  and  Davis'  treatise  on  "Foundations  of  Bridges  and 
Buildings,"  pubhshed  by  the  McGraw-Hill  Book  Company;  and  to  all 
these  gentlemen  are  due  the  author's  thanks  not  only  for  their  kind  per- 
mission to  reproduce  the  said  drawings  of  three  of  his  open-dredging 
structures,  but  also  for  their  courtesy  in  furnishing  him  with  electrotypes 
of  the  cuts. 
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The  pneumatic  process  for  securing  pier  foundations  is  best  suited 
for  depths  between  thirty  and  one  hundred  feet.  In  most  cases  it  is 
the  best  method  of  sinking  to  employ,  the  greatest  objection  to  it  being 
the  excessive  cost  of  instalhng  the  plant,  even  if  one  has  a  complete  outfit 
at  his  disposal. 

The  advantages  of  the  pneumatic  process  are  as  follows: 

First.  It  enables  the  contractor  to  overcome,  in  the  cheapest  and 
most  expeditious  manner  possible,  all  obstacles  that  may  be  encountered 
during  sinking. 

Second.  It  ensures  the  obtaining  of  a  satisfactory  foundation  for  the 
piers,  because  any  unevenness  in  the  bearing  can  be  leveled  off,  and  the 
caisson  can  be  sunk  into  bed-rock  a  few  feet,  thereby  securing  an  effective 
anchorage. 

Third.  It  permits  of  the  working  chamber  being  filled  with  concrete 
placed  in  the  dry,  thus  ensuring  a  better  grade  of  concrete  because  of 
freedom  from  laitance. 

The  disadvantages  of  the  pneumatic  process  are  as  follows: 

First.  Expensive  pneumatic  machinery  to  purchase,  to  ship  to  and 
fro,  and  to  keep  in  repair. 

Second.     High  priced  labor. 

Third.     Danger  to  workmen  from  compressed  air. 

Fourth.  Less  daily  progress  in  sinking,  due  both  to  the  upward  pres- 
sure of  the  air  in  the  working  chamber  and  to  the  necessity  for  locking 
out  the  coarse  materials  excavated. 

Fifth.  Less  attainable  depth  as  compared  with  the  open-dredging 
process,  because  of  man's  inability  to  work  under  pressures  exceeding 
that  of  the  atmosphere  by  fifty  pounds  per  square  inch. 

However,  notwithstanding  these  disadvantages,  it  is  probably  the 
most  satisfactory,  all  around  method  in  nine  cases  out  of  ten  of  important 
bridgework  which  occur  in  a  consulting-engineer's  practice.  Most  of  the 
piers  of  the  large  bridges  which  the  author  has  engineered  have  been 
sunk  by  the  pneumatic  process;  and  he  has  no  hesitation  in  recommend- 
ing it  for  conditions  within  the  above  specified  limits. 

The  distinctive  feature  of  the  process  is  the  emplojinent  of  a  working 
chamber  in  the  caisson  and  excluding  the  water  by  compressed  air,  thereby 
enabling  the  workmen  to  enter  the  chamber  and  excavate  the  material 
necessary  to  sink  the  caisson.     The  latter  is  open  at  the  bottom  and 
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closed  at  the  top  with  a  tight,  heavy  roof.  Above  this  roof  is  the  crib 
filled  with  concrete  and  extending  up  nearly  to  low  water  level.  For  the 
ingress  and  egress  of  workmen  and  of  large  material,  two  or  more  vertical 
shafts  are  ])rovided.  In  these  are  placed  air  locks  so  that  the  transition 
from  working  pressure  to  normal  pressure,  or  vice  versa,  can  be  made  gradu- 
al!}' and  with  small  waste  of  air  and  small  change  of  pressure  in  the  work- 
ing chamber.  This  pressure  is  usually  made  to  equal  approximately  a 
half  pound  for  each  foot  of  penetration  below  the  water  line.  It  adds 
to  both  the  comfort  and  the  efficiency  of  the  workmen  to  cool  the  air 
in  the  summer  time  and  to  warm  it  in  the  winter. 

For  the  ejection  of  fine  material,  a  vertical  four-inch  pipe  is  run  from 
the  working  chamber  up  through  the  mass  of  the  roof  and  crib  to  some 
convenient  height  above  the  water  line.  On  the  top  of  this  pipe  is  the 
"goose-neck,"  which  is  a  heavy  curved  casting  for  directing  the  discharge 
away  from  the  crib.  In  the  working  chamber  the  blow  pipe  is  carried 
dovra  so  that  the  material  can  readily  be  kept  in  a  heap  about  its  mouth. 
When  the  blow  pipe  is  opened  up,  the  air  pressure  carries  the  adjacent 
material  through  the  pipe,  discharging  it  from  the  "goose-neck."  A  du- 
plicate blow  out  pipe  should  be  installed  so  as  to  be  ready  for  use,  if,  for 
any  reason,  the  first  one  becomes  stopped  up  and  put  out  of  commission. 

The  bottom  of  the  caisson  is  shod  with  a  steel  cutting  edge  usually 
made  of  plates  and  angles  riveted  together.  This  enables  the  caisson  to 
cut  through  small  logs  and  to  push  aside  boulders,  and  lessens  the  resistance 
to  sinking  because  of  its  small  bearing  area. 

The  building  of  the  caisson  may  be  started  on  shore,  or  on  a  frame 
w^ork  supported  by  piles  driven  around  the  site  of  the  pier.  The  choice 
of  these  t\vo  methods  will  depend  largely  upon  the  convenience  of  getting 
material  to  the  place,  the  danger  of  sudden  rises  in  the  river,  and  the 
degree  of  menace  from  navigation.  If  the  caisson  construction  be  started 
on  shore,  the  cutting  edge  is  assembled  on  timber  shoes  resting  on  ways 
arranged  for  convenient  launching.  The  timber  work  is  then  built  up 
to  a  convenient  height,  and  the  shoes  are  released  so  that  the  mass  slides 
dowTi  the  waj's  into  the  water.  It  is  then  tow^ed  out  to  the  pier  site, 
where  guide  piles  have  previously  been  driven,  placed  in  approximate 
position,  and  secured  to  the  guides.  Here  additional  weight  is  added 
by  filling  in  the  crib  with  concrete  and  increasing  the  height.  As,  the 
caisson  approaches  the  bottom,  it  is  carefully  watched  and  corrected  for 
position.  It  is  allowed  to  sink  into  the  soft  material  of  the  river  bed, 
and  then  the  air  is  turned  on  and  further  sinking  is  obtained  by  excavat- 
ing within  the  working  chamber.  In  case  the  river  bed  is  too  uneven 
to  afford  a  good  landing  for  the  caisson,  it  is  a  good  plan  to  dump  sacks 
of  sand  into  the  low  places  until  a  level  bed  for  its  reception  is  produced. 

For  streams  where  low  water  obtains  for  a  sufficient  time  and  where 
navigation  does  not  interfere,  it  is  economical  to  build  a  temporary  pile 
trestle  or  runway  from  the  shore  to  the  pier  site  and  start  the  caisson 
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at  the  final  location.  For  this  purpose  piles  are  driven  around  the  pier 
site  and  capped,  then  cross  timbers  are  laid  on  top,  upon  which  timbers 
the  cutting  edge  is  assembled  and  the  caisson  built.  Several  gallows 
frames  are  erected  on  the  caps,  and,  by  means  of  long,  heavy  screws 
for  hangers,  the  caisson  can  be  suspended  when  so  desired  and  the  sup- 
porting timbers  removed.  Then  by  turning  the  nuts  on  the  screws,  the 
mass  can  gradually  be  lowered  to  the  river  bed  as  fast  as  the  crib  is  built 
up  and  filled  with  concrete.  After  landing  firmly  on  the  bottom  the 
gallows  frames  are  to  be  removed. 

During  the  early  part  of  the  sinking,  say  the  first  twenty  feet  below 
water,  the  material  may  advantageously  be  blown  out  dry.  After  this 
depth  is  reached,  the  air  pressure  becomes  too  great  for  the  loose,  dry 
material;  and  excessive  leakage  occurs  through  the  voids,  so  that  it  be- 
comes more  economical  to  use  a  wet  suction.  For  this  purpose  a  two- 
inch  pipe  is  run  into  the  caisson  from  the  crib  above  in  the  same  manner 
as  was  the  blow  pipe.  This  small  pipe  is  connected  with  the  pump  to 
supply  a  stream  of  water.  A  hose  is  attached  to  the  pipe,  and  by  means 
of  a  one-inch  nozzle  a  good  water-jet  is  obtained.  This  water-jet  is  em- 
ployed for  wetting  down  the  material,  so  that  it  will  pass  through  the 
blow  pipe  with  less  friction,  and  will  fill  the  cross  section  thereof  better, 
thus  preventing  excessive  loss  of  air.  Where  clay  is  encountered,  it 
must  be  broken  up  into  small  pieces  and  thoroughly  saturated  so  as  to 
move  freely  through  the  blow  pipe.  Another  advantage  of  blowing  wet 
materials  is  that  it  does  not  wear  out  so  quickly  the  "goose  neck"  casting 
at  the  top  of  the  blow  pipe.  The  wet  material  is  conveyed  to  the  blow  pipe 
by  means  of  a  four  (4)  inch  flexible  hose  having  a  three  and  a  half  (33^)  inch 
suction  nozzle.  This  hose  is  attached  to  the  blow  out  pipe;  and  it  should 
be  long  enough  to  reach  all  parts  of  the  working  chamber,  as  it  is  much 
easier  to  move  the  flexible  hose  than  to  shovel  the  material  to  it.  The 
object  of  the  three  and  a  half  inch  suction  nozzle  is  to  insure  that  any- 
thing passing  the  smaller  opening  will  be  carried  through  the  larger  pipe 
without  plugging  it. 

In  case  the  location  of  a  pier  is  on  the  bank  or  on  a  sand  bar  in  the 
river,  the  excavated  material  will  have  to  be  hoisted  out  until  the  cutting 
edge  of  the  caisson  gets  down  to  the  water,  when  the  air  can  be  turned  on. 
However,  the  pressure  will  hardly  be  sufficient  at  such  a  depth  to  force 
the  material  up  the  regular  blow  pipe.  In  such  a  case  it  is  well  to  bore 
a  hole  in  the  side  of  the  caisson  above  the  Avater  line  and  put  the  blow 
pipe  through  it.  This  will  reduce  the  vertical  lift  so  that  the  pressure 
will  then  be  sufficient  to  discharge  the  material.  When  the  caisson  sinks, 
the  pipe  can  be  withdraAvn  and  the  hole  in  the  side  plugged  up.  By  this 
time  the  working  chamber  will  hold  the  air  well  enough  to  raise  the  material 
through  the  vertical  pipe. 

Another  scheme,  in  case  of  a  pier  located  on  the  bank  or  on  a  sand-bar,  is 
to  excavate  a  large  hole  down  to  the  level  of  the  water  and  start  the  con- 
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struction  of  the  caisson  therein.  There  are  two  good  reasons  for  so  doing, 
viz.,  first,  it  is  usually  much  cheaper  to  excavate  in  the  open  a  large  quan- 
tity of  earth  by  scrapers  or  dredge  than  to  take  out  a  small  quantity  by 
blowing  or  hoisting  through  the  caisson;  and,  second,  the  side  friction  is 
thus  reduced,  enabling  the  caisson  to  descend  more  readily  to  its  final 
position. 

As  the  mass  lowers,  the  crib  is  carried  up  and  filled  with  concrete 
from  time  to  time  so  as  to  put  as  much  load  on  it  as  possible  in  order 
to  facilitate  the  sinking.  The  supply  shaft,  man  shaft,  blow  pipes,  and 
water  pipes  are  carried  up  likewise.  As  the  greater  depths  are  reached, 
the  skin  friction  of  the  material  surrounding  the  caisson  and  crib  becomes 
excessive,  and  in  conjunction  with  the  air  pressure  holds  the  sinking  in 
check.  To  overcome  this  the  excavation  is  carried  below  the  cutting 
edge  as  far  as  practicable,  then  the  air  supply  is  shut  off  and  the  air  in 
the  \vorking  chamber  is  suddenly  released  so  that  an  impact  is  given  to 
the  mass,  and  a  flow  of  water  is  set  up  along  the  sides  and  under  the 
cutting  edge,  thus  reducing  the  friction  and  causing  the  material  at  the 
sides  of  the  excavation  to  cave  in  and  permit  the  caisson  to  settle  into  a 
new  position.  This  process  is  termed  blowing  the  caisson.  It  is  during 
this  act  of  blowing  that  the  mass  is  most  likely  to  get  out  of  true  position, 
for  variations  in  skin  friction  may  hold  up  one  side  more  than  the  other. 
As  long  as  it  is  practicable  to  add  to  the  caisson  sufficient  weight  to  cause 
it  to  settle  gradually  into  position,  blowing  should  be  avoided,  because 
there  is  far  less  chance  of  its  departing  from  true  position  when  the  sinking 
is  continuous  and  gradual. 

The  facility  with  which  a  caisson  can  be  kept  in  correct  position  dur- 
ing the  sinking  depends  greatly  upon  its  width  and  the  verticality  of  its 
sides.  A  narrow  caisson  will  invariably  work  from  position,  unless  there 
are  several  guide  piles  and  ample  waling  on  each  side  to  hold  it  in  place. 
These  piles  should  be  located  three  or  four  feet  from  the  periphery  and 
driven  to  a  depth  of  thirty  or  forty  feet,  then  thoroughly  braced  and 
waled,  after  which  blocking  is  to  be  inserted  between  the  waling  and  the 
caisson.  When  the  latter  reaches  a  depth  of  forty  feet  below  the  river 
bed,  there  is  small  danger  of  its  working  to  any  important  extent  from 
true  position,  yet  the  author  believes  that  in  many  cases  it  would  pay 
to  make  caissons  somewhat  wider  than  the  ordinary  minimum  of  fourteen 
or  sixteen  feet. 

In  times  long  past  when  the  pneumatic  process  was  in  its  infancy, 
substructure  designers  used  to  think  it  was  necessary  to  flare  the  sides  of 
the  crib  and  caisson  in  order  to  reduce  the  side  friction;  but  this  idea 
was  a  fallacy,  because  such  flaring  kept  the  descending  mass  in  a  state 
of  unstable  equilibrium  and  often  caused  great  variations  from  correct- 
ness of  pier  positions.  As  stated  previously,  a  glaring  case  of  this  occurred 
when  building  the  great  Hawksbury  Bridge  in  Australia. 

On  the  Illinois  Central  Bridge  at  Omaha,  Nebraska,  which  work  was 
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engineered  by  the  author's  firm,  considerable  trouble  was  had  with  two 
pneumatic  caissons.  One  was  sunk  on  land,  and  when  within  twenty- 
feet  of  the  final  position  it  was  tilted  and  shifted  out  thirty-two  inches 
at  the  bottom.  After  working  a  long  time  and  using  every  known  means 
to  bring  it  back  to  position,  during  which  the  situation  became  more 
aggravated,  it  was  finally  decided,  as  a  last  resort,  to  put  a  wire  cable 
around  the  cribbing  and  concrete  and  anchor  the  same  to  two  dead-men 
on  shore.  This  was  done  and  the  cable  was  tightened  as  much  as  possible 
with  blocks  and  tackle  acting  as  a  toggle.  The  stress  on  this  apparatus 
was  maintained  during  the  rest  of  the  sinking;  and  due  to  it  the  top  of 
the  cribbing  was  pulled  shoreward,  thereby  tipping  the  bottom  and  get- 
ting it  back  to  the  proper  place.  When  the  caisson  landed  it  was  only 
one-half  inch  off  centre.  In  sinking  the  second  caisson  for  the  same 
bridge,  an  old  mattress  and  some  riprap,  which  had  been  placed  around 
a  pile  pier  for  its  protection,  were  encountered.  This  condition  caused 
considerable  trouble,  as  the  riprap  followed  the  caisson  dowm,  causing 
it  to  depart  thirty-six  inches  from  the  correct  position,  but  by  means  of 
a  toggle  similar  to  that  used  in  the  first  case  it  was  righted  to  within  four 
inches  of  its  true  position.  Good  anchorage  for  the  toggle  was  not  avail- 
able in  this  second  case,  hence  the  method  was  not  as  successful  as  in 
the  first  instance. 

One  of  the  more  customary  expedients  for  rectifying  small  departures 
from  correct  position  is  to  load  the  high  side  on  top  of  the  crib,  in  case 
of  a  lean,  and  to  deposit  the  material  from  the  blow  pipe  in  the  river 
on  the  low  side,  thus  putting  a  surcharge  on  the  river  bed  there,  increasing 
the  skin  friction  and  holding  up  that  side  of  the  caisson.  At  the  same 
time  the  excavation  in  the  working  chamber  is  confined  to  the  high  side; 
and  in  aggravated  cases  it  may  be  extended  out  beyond  the  cutting  edge 
so  as  to  induce  caving  and  a  lessening  of  skin  friction  on  that  side.  This 
loosening  of  material  can  also  be  helped  by  running  a  water  jet  under 
the  cutting  edge  and  directing  the  stream  upward  or  by  jetting  the  river 
bed  along  the  high  side  of  the  caisson.  Sometimes  it  is  advantageous  to 
introduce  mudsills  into  the  working  chamber,  placing  them  along  the 
low  side  of  the  caisson,  then  to  put  heavy  timber  props  on  the  mudsills 
and  to  wedge  in  between  them  and  the  roof  of  the  working  chamber.  By 
blowing  the  caisson  a  sinking  may  be  obtained  on  the  high  side  while 
the  low  one  retains  its  position  because  of  the  props.  ,  This  method  is 
not  suitable  if  the  mudsills  rest  on  material  that  readily  scours;  for  the 
influx  of  water  occurring  on  the  rapid  falling  off  of  air  pressure  will  Avash 
the  material  from  around  and  under  the  sills  so  that  their  supporting 
value  becomes  nil. 

It  sometimes  happens  that  the  caisson  moves  bodily  out  of  line,  and 
then  a  tilting  that  will  direct  it  back  to  correct  position  must  be  given 
it,  although  for  the  time  being  such  tilting  may  cause  the  top  to  move 
more  out  of  line  than  before.    As  the  sinking  progresses  with  the  caisson 
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thus  direetod,  the  bottom  will  approach  its  true  position,  and   then  the 
top  can  gradually  be  brought  back  to  line  and  the  caisson  made  upright. 

During  the  sinking  process,  obstructions  such  as  logs,  boulders,  flat, 
detached  slabs  of  limestone,  or  thin  strata  of  sandstone  or  limestone  are 
sometimes  encountered.  These  have  to  be  broken  up  by  chopping, 
sawing,  or  blasting  into  small  enough  pieces  to  permit  of  their  being 
hoisted  through  the  shaft.  In  the  case  of  the  Sioux  City  Bridge,  soft, 
friable  sandstone  was  met  with  wliere  the  wash-bormgs  had  indicated 
only  sand.  This  had  to  be  blasted  and  removed  in  small  pieces  until  a 
suitable  bed  had  been  made  on  which  to  land  the  caisson.  In  sinking 
the  caissons  for  the  piers  of  the  Missouri  River  Bridge  at  Jefferson  City, 
large  detached  blocks  of  limestone  that  in  some  previous  age  had  broken 
off  the  rock  ledge  and  slid  into  the  river  channel  were  encountered.  These 
had  to  be  blasted  into  small  pieces  and  taken  out  through  the  supply 
shaft,  making  a  slow  and  costly  job  of  excavation  and  pier  sinking.  How- 
ever, these  were  finally  removed,  and  the  caisson  was  carried  down  below 
the  laj'er  of  blocks.  An  unusual  obstruction  was  met  with  in  sinking 
one  of  the  caissons  for  the  Kaw  River  Bridge  of  the  Intercity  Viaduct  at 
Kansas  City,  viz.,  a  thirty-inch,  high-service  water-main  lying  so  close 
to  the  pier  site  that  the  caisson  had  to  be  rotated  a  little  to  clear  it.  Pile 
bents  were  driven  under  the  pipe  for  support,  but  these  went  down  as 
the  caisson  sank,  consequently  a  sling  was  put  around  the  pipe  and  passed 
up  over  an  A-frame  and  run  to  a  distant  anchorage.  It  was  thought  that 
the  caisson  might  be  swung  back  to  its  true  position  after  dropping  below 
the  pipe,  but  all  efforts  to  rotate  it  were  unsuccessful. 

While  much  ingenuity  and  resourcefulness  are  demanded  of  the  con- 
structor in  pneumatic  foundation  work,  it  must  not  be  inferred  that  all 
jobs  present  the  difficulties  which  have  just  been  cited.  The  author  has 
used  the  pneumatic  process  on  many  other  bridges  where  comparatively 
little  trouble  was  met  with,  such  as  the  Red  River  bridges  at  Index,  Tex., 
and  Alexandria,  La.;  the  Missouri  River  Bridge  at  St.  Charles,  Mo.; 
the  Arkansas  River  Bridge  at  Fort  Smith;  the  I.  &  G.  N.  Railway  Bridge 
across  the  Brazos  in  Texas;  three  bridges  over  False  Creek  for  the  City 
of  Vancouver,  at  Westminster  Avenue,  Granville  Street,  and  Cambie 
Street;  two  bridges  for  the  Canadian  Northern  over  the  Thompson  River; 
two  bridges  for  the  Great  Northern  Railway  over  the  Missouri  and  Yel- 
lowstone Rivers;  the  Arkansas  River  Bridge  at  Pine  Bluff  for  the  Cot- 
ton belt  Raih-oad;  the  Halsted  Street  lift  bridge  at  Chicago;  the  bridge 
over  the  Willamette  River  at  Harrisburg,  Ore.,  for  the  Oregon  Electric 
Railway  Co. ;  and  others. 

After  the  caisson  has  landed  properly  and  the  bed-rock  is  cleaned 
off,  the  working  chamber  is  filled  with  concrete,  and  allowed  to  set  from 
twenty-four  to  thirty-six  hours,  then  the  air  is  cut  off  and  the  air-locks 
are  removed,  after  which  the  shafts  are  filled  with  concrete.  The  timber 
crib  is  extended  above  the  water  line  so  as  to  act  as  a  cofferdam  while 
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the  shaft  of  the  pier  is  being  started.     This  shaft  should  be  begun  as     i 

near  to  correct  position  as  possible,  even  if  some  eccentricity  of  loading     I 

on  the  caisson  results.  i 

The  design  of  pneumatic  caissons  has  been  developed  largely  through 
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Fig.  41a.     Details  of  Cutting  Edge  and  Framing  of  Crib  for  a  Pneumatic  Pier. 

the  accumulation  of  experience.  The  wooden  caisson  has  reached  a 
rather  high  state  of  development,  but  it  is  likely  that  the  increasing  price 
of  timber  wall  necessitate  the  adoption  of  steel  caissons  and,  possibly, 
reinforced-concrete  ones.  While  attempts  have  been  made  to  develop 
a  rational  design  for  the  latter  type,  there  is  need  for  further  study  and 
investigation  along  that  line.  The  forces  to  be  considered  are  the  ver- 
tical loads,  skin  friction  on  sides,  lateral  earth  thrusts,  and  concentrated 
reactions  at  one  or  more  points  on  the  cutting  edge  due  to  logs,  boulders, 
and  other  obstructions.  Twisting  and  warping  occur  and  complicate  the 
analysis  of  stresses.  The  walls  have  to  resist  torsion  in  addition  to  !)end- 
ing  moments  and  shears. 

The  advantages  of  the  concrete  caisson  are  the  increased  weight  per 
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unit  of  volume,  avoidance  of  caulking,  freedom  from  leakage  for  cither  air 
or  water,  and  indestructibility.  The  disadvantages  are  the  greater  skin 
friction  and  the  longer  time  required  in  sinkmg.  This  latter  is  due  to 
the  fact  that,  as  the  crib  is  built  up  from  time  to  time,  the  concrete  must 
harden  enough  after  each  operation  to  provide  the  strength  required 
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Fig.  416.     Details  of  Pneumatic  Caisson  for  a  Rectangular  Pier. 


to  resist  the  stresses  produced  by  the  distortions  during  further  sinking. 
A  number  of  all-concrete  caissons  have  been  constructed  in  the  past  few- 
years,  and  it  seems  likely  that  they  ^vill  be  used  more  extensively  in  the 
future. 

In  many  of  the  recently  built  pneumatic  caissons,  the  timber  roof  has 
been  replaced  to  a  large  extent  with  concrete.  This  gives  a  tighter  roof, 
and  it  has  less  compressibility  than  one  composed  of  a  number  of  layers 
of  12"  X  12"  timbers,  besides  affording  additional  weight  for  sinking. 

The  air-locks  should  be  placed  at  the  top  of  the  shafts,  where  they 
are  always  accessible  and  beyond  the  danger  of  flooding.  A  single  door 
is  to  be  provided  at  the  bottcnn  of  each  shaft,  which  door  can  be  closed 
while  the  air-lock  is  being  removed  for  the  purpose  of  adding  new  sections 
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to  the  shaft.  The  air-locks  should,  preferably,  be  operated  from  the  in- 
side. The  main  shaft  is  usually  three  feet  in  diameter,  with  steel  rounds 
built  in  so  as  to  form  a  ladder.  The  connecting  angles  between  sections 
should,  preferably,  be  turned  inward,  so  that,  if  any  leakage  develops,  the 
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Fig.  41c.     Details  of  Pneumatic  Caisson  for  a  Steel  Cylinder  Pier. 


bolts  can  be  tightened.  Also  it  may  be  desirable  to  remove  the  sections, 
and  then  the  bolts  can  be  gotten  at  readily.  The  supply  shaft  is  gen- 
erally made  about  two  feet  in  diameter,  and  is  arranged  so  that  a  bucket 
for  hoisting  the  coarse  material  excavated  or  for  lowering  the  concrete 
can  be  run  through.  The  Moran  air-lock  is  worked  in  an  oval  shaft, 
and  provides  for  the  bucket  occupying  one  side  and  the  men  the  other. 
The  operating  rope  slides  through  a  stuffing  box  so  that  very  little  air 
escapes.  The  disadvantage  of  this  arrangement  is  that  it  takes  longer 
to  lock  the  material  in  and  out  if  men  are  passing  through  at  the  same 
time. 
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Figs.  41rt  and  416  show  the  details  of  a  timber  caisson  and  crib  for  a, 
rectangular  pier;  while  Fig.  41c  gives  the  details  of  a  pneumatic  caisson 
for  a  steel  cylinder  pier.     The  details  in  general  conform  to  those  for  open 
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Fig.  41d.     Details  of  Pneumatic  Caisson  for  Pivot-pier  of  the  Granville  Street  Bridge 
over  False  Creek  in  Vancouver,  B.  C. 


dredging  piers.     In  Chapter  XLIII  will  be  found  specifications  governing 
their  design. 

Fig.  4 Id  illustrates  the  pneumatic  pier  for  the  draw-span  of  the  Gran- 
ville Street  Bridge  over  False  Creek  in  Vancouver,  B.  C,  which  was  de- 
signed by  the  author's  firm. 


CHAPTER  XLII 

PILES   AND    PILE    DRIVING 

As  there  is  already  a  large  amount  of  literature  extant  on  this  sub- 
ject, only  the  more  salient  and  important  points  will  be  referred  to  in 
this  chapter,  leaving  the  reader  who  wishes  to  study  details  to  consult 
such  works  as  that  of  Jacoby  and  Davis  on  "Foundations  of  Bridges  and 
Buildings."  There  is  an  extensive  bibliography  of  the  matter  published 
in  Volume  10,  Part  1,  of  the  Proceedings  of  the  American  Railway  Engineer- 
ing Association.  Commencing  at  page  579  therein,  this  bibliography  covers 
fourteen  pages  that  embrace  some  three  hundred  articles  on  all  features 
of  the  subject. 

The  customary  objects  in  using  piles  are  to  compact  the  soil,  to  carry 
vertical  loads,  to  resist  horizontal  pressures,  and  to  enclose  openings. 
To  fulfil  these  various  functions,  different  kinds  of  piles  are  employed. 
The  round,  square,  or  octagonal-shaped  ones  are  best  suited  for  the  first 
three  purposes;   while  the  flat  or  sheet  pile  is  best  adapted  for  the  last. 

Soils  containing  large  percentages  of  clay  can  be  compacted  to  a  con- 
siderable depth  by  driving  numerous  small,  short  piles  closely  together 
over  the  desired  area,  then  puUing  them  one  at  a  time  and  filling  the  holes 
with  fine,  sharp,  clean  sand  of  uniform  size.  If  the  sand  be  rammed  in 
thin  layers  as  it  is  deposited  in  the  hole,  lateral  pressures  will  be  set  up 
as  the  load  is  applied,  and  the  resulting  arch  action  will  transmit  a  portion 
of  the  load  to  the  sides  of  the  filled  hole. 

Bearing  piles,  supporting  superimposed  loads,  depend  usually  for  their 
carrying  capacity  upon  the  friction  of  the  material  which  they  penetrate. 
In  some  instances,  though,  the  ends  reach  or  enter  a  hard  stratum;  and 
under  such  conditions  the  piles  act  as  columns,  and  their  bearing  capacity 
is  limited  only  by  their  strength  in  compression. 

In  making  substructure  designs  it  is  generally  necessary  to  assume 
the  total  permissible  load  per  pile,  based  upon  the  rather  meagre  informa- 
tion concerning  the  character  of  the  material  to  be  penetrated  that  is 
available  before  construction  is  begun.  In  a  few  important  cases  test 
piles  have  been  driven  in  advance  of  the  preparation  of  the  substructure 
plans;  but,  unfortunatel}',  the  client  usually  objects  to  the  expense  that 
would  be  involved  by  such  unusual  testing;  consequently  the  designer 
nearly  always  has  to  use  his  best  judgment  concerning  this  important 
matter.  It  has  been  the  author's  practice  to  assume,  when  the  effect  of 
impact  is  ignored,  a  load  per  pile  varying  from  twenty  (20)  to  thirty  (30) 
tons,  and  usually  about  twenty-five  (25)  tons;  although  in  certain  cases 
of  highway  bridges  on  the  Pacific  Coast,  where  the  piles  were  large  in 
diameter  and  ("xceedingl}'  long,  where  tiie  material  to  be  penetratetl  was 
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fairly  Imrd  and  perfectly  safe  from  scour,  and  where  the  greatest  legitimate 
(H'onomy  in  first  cost  was  a  necessity,  the  limit  has  been  raised  to  forty 
(40)  tons.  On  the  other  hand,  though,  in  certain  cases  when  the  piles  were 
short,  or  when  the  material  to  be  penetrated  was  not  firm,  the  load  has 
been  retluced  to  ten  (10)  tons  per  pile. 

In  settling  this  matter  of  pile  loading,  consideration  should  be  given 
to  the  question  of  the  jiroliable  occurrence  of  the  maximum  load  and  its 
frequency  of  ap})lication,  adopting  a  higiuT  unit  for  improbable  and  unusual 
loads  than  for  certain  and  oft-repeated  ones.  For  instance,  in  the  piers 
sujii^orting  the  towers  of  high  vertical-lift  bridges,  the  effect  of  wind 
pressure  on  the  pile  loading  is  comparati^^ely  large,  but  its  maximum 
assumed  effect  may  never  exist,  and  certainly  not  when  there  is  much  live 
load  on  the  structure;  hence  for  such  conditions  a  large  unit  loading  is 
permissible. 

Sometimes  the  engineer  may  have  the  opportunity  to  watch  the  driving 
of  a  test  pile  and  thus  be  able  to  note  the  amount  of  penetration  gained 
from  the  last  blow  of  a  hammer  of  known  weight  and  drop.  From  these 
data  he  can  estimate  the  carrying  capacity  of  the  pile  by  using  some  such 
formulae  as  Wellington's,  known  generally  as  the  Engineering  News 
Formulae. 

They  are  the  following: 

For  a  pile  driven  with  a  drop  hammer, 


and  for  a  pile  driven  with  a  steam  hammer, 

p  ^     2Wh 


s  +  0.1 


in  which  P  is  the  safe  load  in  pounds,  W  the  weight  of  the  hammer  in 
pounds,  h  the  fall  of  the  hammer  in  feet,  and  s  the  penetration  or  sink- 
ing in  inches  under  the  last  blow,  assumed  to  be  sensible  and  at  an  ap- 
proximately uniform  rate.  The  said  sinking  must  be  measured  only 
when  there  is  no  visible  rebound  of  the  hammer  and  only  when  the  last 
blow  is  struck  upon  practically  sound  wood. 

In  making  an  observation  of  this  kind,  care  should  be  taken  to  see 
that  the  hammer  has  a  free  and  moderate  fall  of  about  fifteen  feet  for 
one  weighing  three  thousand  pounds;  to  ensure  that  any  brooming  of  the 
top  of  the  pile  is  previously  sawed  off,  so  that  there  w^ill  be  solid  wood 
to  receive  the  blow;  to  make  certain  that  the  hammer  rebounds  very 
little,  if  at  all;  and  to  beware  of  using  too  small  a  penetration.  Nothing 
under  a  half  inch  should  be  considered;  and  an  inch  w^ill  give  more  reli- 
able results.  At  the  best,  the  knowledge  thus  obtained  is  of  a  relative 
order  only,  as  will  be  readily  appreciated  when  comparing  the  results  of 
the  tests  with  those  of  actual  loading  experiments.     There  are  on  record 
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and  convenient  for  reference  a  number  of  reliable  tests  of  actual  ultimate 
loads  carried  by  piles  under  different  conditions.  The  standard  engineer- 
ing handbooks  give  tables  which  will  serve  as  a  guide  to  one's  judgment; 
but  in  any  important  work  where  soil  conditions  render  uncertain  the 
action  of  the  pile,  a  careful  test  should  be  made  by  driving  several  piles 
and  loading  them  until  they  fail.  Then  a  factor  of  safety  of  two  should 
be  applied  to  these  ultimate  loads  in  order  to  obtain  safe  loads  for  de- 
signing purposes. 

Much  effort  has  been  spent  in  trying  to  evolve  a  general  formula 
which  Avould  include  all  the  variables  and  give  consistent  results  for  all 
conditions.  Two  methods  of  attack  have  been  pursued.  The  dynamic 
method,  by  which  it  is  attempted  to  account  for  the  energy  of  the  falling 
hammer  in  doing  work  on  the  pile,  is  best  treated  by  E.  P.  Goodrich, 
Esq.,  C.  E.,  in  the  Transactions  of  the  American  Society  of  Civil  Engineers, 
Vol.  XL VIII.  The  static  method,  by  which  it  is  attempted  to  determine 
the  bearing  power  of  the  pile  by  applying  the  principles  of  earth  pressures, 
has  recently  been  discussed  by  T.  C.  Desmond,  Esq.,  C.  E.,  in  Vol.  LXV, 
and  by  J.  H.  Griffith,  Esq.,  C.  E.,  in  Vol.  LXX  of  the  Transactions  of  the 
American  Society  of  Civil  Engineers.  These  investigations  are  valuable  in 
giving  one  a  keener  appreciation  of  the  complexity  of  the  phenomena  in- 
volved, as  well  as  for  advancing  the  problem  toward  its  ultimate  solution. 
They  also  serve  to  emphasize  the  need  of  caution  in  applying  formulae  with- 
out a  knowledge  of  their  derivation  and  limitations.  It  should  be  recog- 
nized that  different  soils  exhibit  in  different  degrees  the  physical  properties 
of  elasticity,  compressibility,  viscosity,  and  internal  friction.  It  is  too 
much  to  expect  a  simple  formula  containing  two  or  three  variables  only  to 
give  consistent  results  for  the  various  combinations  of  the  many  factors 
involved.  The  dynamic  method  at  best  can  only  give  the  bearing  power 
at  the  time  of  driving,  while  the  static  method  applies  to  any  period  after 
the  regaining  of  equilibrium  by  the  disturbed  soil.  The  time  required  for 
such  restoration  of  equilibrium  varies  from  a  half  hour  to  twelve  hours. 
Instances  are  on  record  where  piles  have  been  easily  driven  in  soft  soils, 
and  then  allowed  to  rest  for  several  hours;  and  on  resuming  driving 
.some  difficulty  was  experienced  in  starting  them  again,  requiring  several 
blows  of  the  hammer  before  a  perceptible  motion  would  result.  It  has 
been  found  to  be  generally  true  that  the  resistance  of  piles  penetrating 
soft  material,  and  depending,  therefore,  solely  upon  skin  friction,  is  sub- 
stantially increased  after  a  period  of  rest.  It  has  also  been  found  that 
such  piles  have  their  bearing  capacity  reduced  by  driving  additional  piles 
too  close  to  them.  The  minimum  spacing  should  not  be  less  than  three 
feet. 

It  is  sometimes  necessary  to  use  piles  for  resisting  horizontal  pres- 
sures as  in  dykes,  wharfs,  fenders,  guide  piles,  and  even  abutments  of 
arches.  The  resistance  that  a  pile,  or  a  group  of  piles,  can  offer  to  a 
horizontal  force  becomes  at  times  an  important  matter.     Little  has  been 
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done  to  investigate  tliis  feature;  and  tlie  engineer  will  find  scarcely  any 
information  concerning  it,  upon  which  to  base  his  judgment.  While  the 
strength  of  the  pile  as  a  beam  can  be  estimated  with  reasonable  accuracy, 
the  amount  of  penetration  required  to  develop  that  strength  is  not  so  well 
established.  That  the  lower  end  of  the  pile  receives  consideraljle  restraint, 
even  in  soft  soil,  is  showai  by  the  fact  that  piles  driven  in  the  plastic  ma- 
terial of  the  Hudson  River  bed  have  broken  near  the  mud  line  when  over- 
stressed  by  side  pressure  at  the  top. 

When  piles  are  placed  in  clusters,  their  resistance  to  horizontal  pres- 
sure can  be  increased  by  connecting  them  with  substantial  sway  bracing 
which  tends  to  fix  the  upper  ends  and  to  reduce  the  bending  moments 
upon  them.  The  bottom  horizontal  brace  should  be  placed  as  near  the 
ground  line  as  possible.  The  action  of  the  sway  bracing  is  similar  to 
that  of  the  diagonal  bracing  in  a  portal  for  a  through  bridge  span.  Where 
pile  heads  are  encased  in  a  mass  of  concrete  reaching  to  the  ground  line, 
a  high  degree  of  fixedness  is  obtained,  and  consequently  there  is  a  great 
reduction  in  the  bending  moment  on  the  piles,  which  then  resist  the 
horizontal  pressure  largely  by  shear.  An  example  of  this  kind  is  seen 
in  the  abutment  of  an  arch  when  the  foundations  are  reinforced  by  piling. 
Another  method  of  resisting  horizontal  forces  is  to  drive  the  piles  with 
a  batter.  This  is  frequently  done  for  retaining  wall  foundations,  arch 
abutments,  and  outside  piles  of  high  trestles.  Piles  can  be  readily  driven 
with  a  batter  of  one  in  five. 

For  enclosing  openings,  as  in  cofferdam  construction,  sheet  piles  are 
extensively  used.  This  is  especially  true  since  the  development  of  the 
interlocking  steel  sheet  pile,  which  has  proved  a  very  effective  means  of 
shutting  out  water,  shoring  up  trench  walls,  and  resisting  lateral  pressures. 

The  use  to  which  a  pile  is  to  be  put  largely  determines  the  type  or 
kind  to  adopt.  Piles  for  carrying  vertical  loads  may  be  of  the  ordinary 
plain,  the  pedestal,  the  screw,  or  the  lagged  type.  The  plain  pile  may 
be  of  several  kinds  of  timber,  such  as  oak,  long  leaf  yellow  pine,  cedar, 
cypress,  Douglas  fir,  or  tamarack;  or  it  may  be  made  of  concrete  with 
or  without  steel  reinforcement.  The  plain  pile  is  adapted  for  soft  soils 
where  skin  friction  develops  a  "conoid  of  pressure"  that  transfers  the  load 
to  some  deeper  ground  level  where  the  passive  resistance  will  equal  the 
load  on  the  base  of  the  conoid.  Also  the  plain  pile  is  suitable  for  those 
cases  w^here  a  hard  layer  is  encountered  and  can  not  be  penetrated,  in 
which  case  the  pile  will  act  as  a  column.  There  are  numerous  gradations 
between  these  two  extreme  conditions  where  special  types  of  piles  may 
have  an  advantage.  The  pedestal  pile  is  one  of  these  special  types. 
It  is  made  of  concrete  and  has  a  large  ball-like  end  that  provides  a  much 
greater  bearing  area  at  the  bottom  than  that  of  the  plain  pile.  The  ball 
is  formed  by  a  ramming  process  at  the  time  the  concrete  is  deposited. 
This  type  is  especially  adapted  for  the  condition  where  the  bottom  of 
the  pile  rests  on  or  slightly  penetrates  a  thin  hard  stratum.     What  effect 
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th(^  ball  has  on  the  "conoid  of  pressure"  developed  by  the  skin  friction  on 
the  stem  of  the  pile  has  yet  to  be  determined. 

Screw  piles  and  disk  piles  are  used  for  locations  where  the  penetration 
is  limited.  Disk  piles  are  sunk  by  means  of  a  water  jet,  and  hence  can 
only  be  employed  in  soils  that  can  be  jetted.  Screw  piles  have  a  large 
screw  blade  on  the  end,  and  are  screwed  into  place  by  turning  the  shank 
with  a  capstan.     A  water  jet  facilitates  the  operation. 

Lagged  piles  have  been  found  to  develop  a  greater  bearing  capacity 
in  soft  soils  than  plain  piles  of  similar  dimensions  and  penetration.  The 
lagging  usually  consists  of  four  long  timbers  bolted  to  opposite  sides  of 
the  plain  pile  and  extended  the  length  of  the  desired  penetration.  The 
increased  surface  affords  more  skin  friction  and  results  in  a  material  gain 
in  bearing  capacity.  For  soft  soils  care  should  be  taken  not  to  space 
the  piles  too  close  together,  in  order  to  prevent  the  "conoids  of  pressure" 
from  overlapping. 

The  concrete  pile  of  late  has  gained  rapidly  in  favor,  and  is  now  being 
used  extensively  for  shallow  fomidations  where  the  water  level  is  not 
high  enough  to  keep  the  piling  continually  submerged.  There  are  many 
types  on  the  market,  and  most  of  them  are  patented.  These  types  be- 
long to  two  general  classes,  viz.,  the  pre-moulded  pile  and  the  pile  made 
in  place.  The  pre-moulded  piles  have  some  form  of  steel  reinforcement 
placed  in  their  interior  at  the  time  of  fabrication,  which  gives  them  strength 
for  handling  and  driving  as  well  as  for  carrying  loads.  These  piles  should 
be  left  in  the  yard  to  cure  for  thirty  or  forty  days  before  driving.  A 
water  jet  should  be  employed  in  conjunction  with  the  hammer  when 
sinking  such  piles;  and  a  cap  or  cushion  of  rope  should  be  placed  on  top 
so  as  to  distribute  the  pressure  and  relieve  the  shock. 

To  avoid  the  loss  of  time  involved  by  the  necessity  for  curing  all  pre- 
moulded  concrete  piles,  several  devices  have  been  developed  for  casting 
each  pile  in  place.  This  requires  the  making  of  a  hole  in  the  ground 
by  a  boring  tool  or  by  driving  a  "former"  the  required  depth  and  then 
pulling  it  out,  after  which  concrete  is  placed  in  the  hole.  Some  methods 
provide  for  leaving  in  the  hole  a  sheet  steel  casing  and  filling  it  with  con- 
crete, and,  if  desired,  inserting  reinforcing  steel.  Other  methods  involve 
the  drawing  of  the  casing  as  the  concrete  is  deposited.  Which  of  these 
two  types  should  be  adopted  for  any  case  will  depend  upon  the  nature 
of  the  soil  to  be  penetrated.  With  soft  material  or  quicksand  having  a 
tendency  to  flow,  the  sides  of  the  hole  are  liable  to  cave  in  and  the  ma- 
terial thereof  to  get  mixed  with  the  fresh  concrete  during  its  placing,  thereby 
weakening  or  even  entirely  ruining  the  pile.  Also  the  driving  of  the  ad- 
jacent "formers"  will  cause  a  bulging  of  the  soil  so  that  the  holes  already 
filled  with  fresh  concrete  will  be  affected,  and  there  will  result  a  dimin- 
ished sectional  area  of  the  previously  poured  concrete.  A  good  illustra- 
tion of  this  defect  is  given  in  Engineering  News  of  October  12,  1912. 
Where  a  shell  is  left  in  the  hole  these  difficulties  are  effectually  overcome. 
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Too  much  earo  cannot  be  taken  to  ensure  tliat  the  poured  piles  are  of 
iniiforni  section  and  synnnetrical  al)out  tlieir  vertical  axes,  and  that  the 
concrete  does  not  become  segregated  during  the  operation  of  filling  the 
hole  nor  mixed  with  earth.  Lack  of  symmetry  produces  bending  stresses 
that  have  a  weakening  effect,  the  proportionate  amount  of  which  seems 
almost  imbelievable  to  anyone  unaccustomed  to  the  making  of  strength 
computations.  No  single  type  of  concrete  pile  will  fit  all  locations.  Bor- 
ings should  be  made  before  selecting  the  type  for  any  place,  as  a  knowl- 
edge of  the  materials  to  be  penetrated  is  essential  if  one  is  to  avoid  utilizing 
snap  judgment  in  his  professional  work. 

The  matter  of  grouping  and  spacing  piles  is  important.  For  bearing 
purposes,  piles  should  be  grouped  symmetrically  about  two  rectangular 
axes.  The  minimum  spacing  should  be  about  three  feet,  unless  the  piles 
rest  on  a  hard  stratum  and  are  acting  as  columns. 

For  sheet  piling  the  Wakefield  type  is  the  best  of  all  the  wooden  kinds- 
It  is  built  up  of  three  similar  planks  nailed  or  bolted  together  in  such  a 
way  that  the  middle  plank  forms  a  groove  on  one  edge  and  a  tongue  on 
the  other.  While  single  planks  placed  in  single,  double,  and  triple  rows 
have  been  used,  they  are  not  as  effective  as  those  of  the  Wakefield  type. 
However,  the  interlocking  steel  sheet-pile  is  rapidly  displacing  the  wooden 
patterns  for  temporary  purposes.  Some  of  these  steel  piles  are  made  up 
of  channels,  angles,  or  zee  bars  riveted  together,  while  others  are  rolled 
in  one  piece.  When  stiffness  is  required,  the  built-up  section  has  the 
larger  radius  of  gyration  and  should,  therefore,  be  employed.  The  hand- 
books issued  by  the  steel  manufacturers  show  the  various  types  of  sheet 
piles,  and  give  their  properties  so  that  the  engineer  can  readily  make  his 
selection  for  special  conditions.  Their  superior  strength,  their  facility  in 
penetrating  hard  strata  and  in  cutting  through  logs,  their  small  leakage, 
and  their  ability  to  stand  pulling  and  redriving  make  steel  piles  suitable 
for  operations  and  conditions  that  wooden  piles  cannot  meet. 

The  durability  of  piling  is  a  feature  which  must  be  considered  in  all 
permanent  construction.  In  the  case  of  wooden  piles  continuously  sat- 
urated in  fresh  water  no  decay  occurs.  Piles  have  been  found  in  a  good 
state  of  preservation  after  being  submerged  from  six  hundred  to  one 
thousand  years.  However,  if  the  water  level  fluctuates  and  leaves  any 
portion  of  the  pile  exposed  to  the  air  at  any  time,  decay  will  eventually 
set  in,  unless  the  timber  has  been  thoroughly  treated  with  some  preser- 
vative; and  it  is  possible  that  any  such  treatment  will  merely  put  off  the 
evil  day  of  ultimate  destruction.  It  seems,  though,  to  be  the  general 
opinion  among  engineers  that  piles  of  sound  timber  thoroughly  impreg- 
nated with  creosote  wall  last  indefinitely  unless  placed  in  sea  water.  In 
the  latter  where  the  limnoria  and  teredo  abound,  timber  piles  without 
some  protective  coating  should  never  be  used.  Creosoting  will  delay  the 
attack  of  these  marine  borers  for  a  number  of  years.  The  life  of  any 
treated  pile  depends  a  great  deal  upon  the  condition  of  its  surface  after 
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driving,  as  mechanical  injuries  and  checks  favor  the  entrance  of  borers. 
For  protecting  piles  already  in  place  many  mechanical  devices  have  been 
tried  with  more  or  less  success.  The  reinforced-concrete  coating  is  prob- 
ably the  most  satisfactory  if  it  be  extended  sufficiently  into  the  mud. 
This  result  is  difficult  to  accomplish  on  a  pile  in  place,  as  the  concrete 
mixes  with  the  mud  so  that  it  eventually  breaks  off,  leaving  a  portion  of 
the  wood  exposed  to  attacks  of  the  borers.  To  obviate  this  difficulty, 
vitrified  clay  tiles  have  sometimes  been  adopted;  and  the  cement  gun 
has  been  employed  for  coating  the  timber  above  the  low  water  line.  In 
the  latter  process  a  piece  of  ordinary  poultry  wire  netting  is  wrapped 
around  the  pile  and  fastened  securely  thereto;  and  then  a  1}^"  or  2" 
layer  of  cement  mortar  is  placed  around  the  timber  by  means  of  the 
gun.  The  portion  of  the  pile  below  the  low  water  line,  however,  cannot 
be  reached  by  this  method. 

For  new  work,  a  combination  pile,  consisting  of  the  ordinary  round 
timber  with  a  shell  of  reinforced  concrete  enclosing  it,  is  well  adapted. 
The  concrete  shell,  extending  well  below  the  mud  line,  affords  the  desired 
protection  against  the  teredo  and  limnoria.  The  timber  core  projects 
several  feet  above  the  top  of  the  concrete  casing  so  that  a  hammer  can 
be  used  for  driving,  as  in  the  case  of  ordinary  timber  piles,  without  in- 
juring the  concrete. 

Concrete  piles  are  equally  durable  in  dry  or  wet  soils,  and,  of  course, 
are  not  at  all  affected  by  any  marine  borers.  If  properly  made  and  not 
damaged  in  driving  or  in  placing,  they  will  last  indefinitely.  They  can 
be  made  uniformly  straight  and  symmetrical  to  a  much  greater  extent 
than  timber  piles  can  be  procured. 

The  question  of  durability  seldom  arises  with  the  use  of  steel  sheet 
piles,  as  they  are  generally  employed  merely  for  temporary  purposes. 
They  will  ordinarily  stand  pulling  out  and  re-driving  many  times;  and, 
if  rust  is  not  allowed  to  accumulate  on  them,  there  is  a  certain  amount 
of  salvage  obtainable  in  some  types  that  can  be  employed  for  structural 
purposes  after  their  temporary  service  as  sheet  piling  is  finished. 

Various  methods  have  been  tried  for  driving  piles.  For  short  ones, 
especially  sheet  piling,  a  maul  is  sometimes  used  where  small  penetrations 
only  are  desired.  A  more  effective  means  is  a  set  of  light  leads  and  a 
hammer  made  of  a  12"  X  12"  timber  heavy  enough  for  four  men  to  oper- 
ate by  a  rope  nmning  over  a  pulley.  If  a  derrick  is  employed  on  the  job, 
it  is  a  very  good  plan  to  work  the  hammer  at  the  end  of  the  boom  through 
a  very  light  pair  of  leads.  This  will  be  more  economical  than  using  man- 
power. In  nearly  all  bridgework  a  derrick  is  erected  close  to  the  exca- 
vation to  remove  earth  from  the  pit  and  to  place  material  for  the  struc- 
ture.    This  can  readily  be  used  also  for  driving  the  piles. 

For  large  piles  a  drop-hammer  operated  by  a  steam  engine  is  generally 
employed.  This  hammer,  which  often  weighs  several  thousand  pounds, 
slides  up  and  down  a  pair  of  guides  known  as  leads.     These  are  braced  in 
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the  rear  and  on  the  sides  by  suitable  framework,  both  the  leads  and  the 
bracing  being  attached  to  horizontal  sills  at  the  bottom.  This  framework 
can  l)e  shifted  along  on  the  ground  by  crow-bars  or  it  can  be  placed  on 
rollers  so  as  to  permit  of  its  being  moved  into  position  more  readily.  It 
may  also  be  put  on  a  flat  car  and  provided  with  a  turntable  so  that  it 
can  be  swung  sideways  and  thus  reach  positions  outside  of  the  track,  in 
which  case  it  is  knowTi  as  a  track  driver.  When  the  driver  cannot  be 
placed  close  to  the  ground,  it  is  frequently  necessary  to  provide  exten- 
sions to  the  regular  leads  so  that  the  hammer  can  follow  the  pile  down 
below  the  grade  of  the  track.  For  driving  batter  piles,  the  leads  are 
arranged  to  s^^^ng  about  a  pivot  like  a  pendulum,  so  as  to  give  an  inclina- 
tion to  the  pile  when  it  enters  the  ground  and  during  driving. 

In  place  of  the  drop-hammer,  a  steam  hammer  is  frequently  mounted 
in  the  leads.  This  apparatus  delivers  its  blows  in  rapid  succession,  so 
that  the  acquired  momentum  of  the  pile  is  not  lost  between  blows  and 
the  soil  has  no  chance  to  close  tightly  around  it.  For  quicksand  and 
other  sandy  soils,  this  is  a  desirable  feature.  Another  advantage  pos- 
sessed by  the  steam  hammer  is  that  it  does  not  broom  the  head  of  the 
pile  as  does  the  drop-hammer. 

Another  method  of  driving  is  the  placing  of  an  explosive  on  top  of  the 
pile.  For  instance,  a  charge  of  dynamite  is  laid  on  a  thick  iron  cap  rest- 
ing on  the  pile-head  and  is  exploded  by  electricity.  The  explosion  pro- 
duces a  blow  on  the  pile  similar  to  that  from  a  hammer.  This  method 
has  not  come  into  general  use,  however,  although  the  scheme  is  an  old  one. 

Another  and  effective  means  of  sinking  piles  is  by  using  two  powerful 
water  jets.  This  method  is  especially  applicable  to  sandy  and  gravelly 
soils.  Whenever  possible,  concrete  piles  should  be  driven  with  water  jet, 
using  the  harmner  only  for  light  tapping  when  the  pile  refuses  to  move. 
When  the  jets  are  fixed  onto  the  pile,  they  should  be  placed  on  opposite 
sides  in  order  to  preserve  a  balance  of  pressures,  thus  tending  to  make 
the  pile  sink  true  to  position.  Inexperienced  contractors  quite  often  at- 
tempt to  save  expense  by  employing  a  single  jet  attached  to  one  side  of 
the  pile,  but  the  result  is  invariably  unsatisfactory.  If  the  jetting  pipe 
were  located  on  the  axis  of  the  pile,  or  even  if  the  nozzle  could  be  placed 
axially  at  its  point,  a  single  jet  would  serve  the  purpose  effectively;  but 
these  desiderata  are  generally  too  difficult  of  attainment  to  warrant  the 
attempt  to  secure  them,  except,  perhaps,  in  the  case  of  a  reinforced-con- 
crete  pile,  which  could  be  cast  around  a  tin  tube.  In  the  case  of  certain 
clayey  soils,  it  has  proved  effective  to  work  the  jet  down  first,  making  a 
hole,  then  to  withdraw  it  and  sink  the  pile  into  place  with  light  blows. 
When  the  jet  is  free  from  the  pile  it  can  be  worked  around  on  all  sides, 
thereby  reducing  the  skin  friction.  It  is  then  necessary,  though,  to  keep 
the  jet  moving  continuously  up  and  cIowti  and  sideways;  for,  otherwise, 
the  loose  material  will  pack  around  it,  causing  the  pipe  to  bind  and  making 
its  removal  difficult.     Generally  the  withdrawal  should  occur  before  the 
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pile  has  quite  reached  its  desired  penetration,  so  that  the  hammer  can  be 
used  to  tap  it  to  final  position. 

In  the  harder  kinds  of  clay  soils  an  effective  expedient  is  to  prepare 
a  ten-inch  pipe  about  ten  feet  long  with  a  slot  about  four  feet  long  cut  in 
one  side,  and  a  round  timber  framed  and  bolted  into  one  end.  This  is 
then  driven  into  the  ground  a  short  distance  and  pulled  out,  bringing 
up  a  chunk  of  clay  inside  the  pipe.  By  means  of  the  slot  in  the  side  the 
content  is  readily  removed  from  the  pipe,  and  the  operation  of  driving, 
pulling,  and  cleaning  out  is  repeated  until  the  layer  of  clay  is  penetrated  or 
until  a  sufficient  depth  has  been  reached.  The  concrete  pile  should  be 
placed  in  the  hole  thus  made,  and  then  by  using  a  water  jet,  and  by  churn- 
ing and  tapping  the  pile  with  the  hammer,  the  pile  can  be  driven  to  the 
required  elevation.  This  expedient  was  used  on  the  author's  bridge  over 
the  Missouri  River  on  the  line  of  the  Great  Northern  R.  R.  at  Mondak, 
Mont.  There  a  hard  clay,  kno^vn  locally  as  buckshot,  was  encountered 
in  one  of  the  abutments,  and  every  other  device  that  was  tried  for  driving 
through  it  failed. 

On  the  Intercity  Viaduct  connecting  the  two  Kansas  Citys,  a  single 
water  jet  was  used  in  sinking  the  concrete  piles,  but  in  this  case  it  was 
detached  and  was  worked  around  them.  A  two-ton  hammer  rested  on 
top  of  the  pile,  and  a  wire  cable  -was  attached  to  the  head  thereof  under 
the  said  hammer.  Then  the  pile  and  hammer  were  raised  with  the  cable 
and  churned  up  and  doA\Ti  until  the  former  reached  its  final  position. 
In  some  of  the  foundations  the  piles  were  driven  from  three  to  five  feet 
below  the  ground  surface,  the  pits  being  excavated  later  by  another  con- 
tractor. When  the  driving  extended  below  the  surface,  a  tripping  appar- 
atus was  attached  to  the  cable  around  the  pile,  so  that  no  trouble  was 
experienced  in  removing  it  when  desired.  For  driving  long  piles  in  sand 
or  gravel  no  method  has  been  found  to  compare  with  the  water-jet  process 
when  properly  handled.  When  water  jets  are  not  used,  the  steam  ham- 
mer is  more  effective  than  the   drop-hammer    in    sandy   and    gravelly 

soils. 

The  driving  of  piles  by  the  water  jet  is  quite  an  old  process;  but  its 
application  to  long  piles  was  initiated  by  the  author  and  his  contractor 
friend,  the  late  C.  E.  H.  Campbell,  Esq.,  Mem.  Am.  Soc.  C.  E.,  on  the 
temporary  piers  of  the  East  Omaha  Bridge  in  1893.  The  contracts  for 
the  building  of  that  structure,  for  business  reasons  connected  with  real 
estate,  had  to  be  let  privately  and  without  competition;  and  the  task 
of  so  letting  them  devolved  upon  the  author,  who  naturally  selected 
companies  known  to  him  as  capable,  honest,  efficient,  and  trustworthy. 
Up  to  that  time  no  engineer  had  ever  dared  to  figure  on  putting  in  wooden 
piers  for  any  bridge  over  the  Missouri  River;  and,  consequently,  the  au- 
thor's so  doing  (of  which,  by  the  way,  he  was  by  no  means  the  instigator) 
was  somewhat  in  the  nature  of  an  experiment.  His  design  involved  the 
driving  of  a  large  number  of  cypress  piles  80  feet  long  some  50  feet  or 
irxore  into  the  sand.     When  Mr.  Campbell  was  confronted  with  the  prob-. 
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lem  he  remarked;  "I  don't  know  of  tiny  piles  that  have  been  driven  by 
jetting  more  than  twenty  or  twenty-five  feet,  and  it  ma}''  be  impossible 
to  sink  them  the  depth  that  you  require."  To  this  the  author  countered: 
"But  are  you  not  willing  to  try?" — and  being  an  engineer  of  courage,  he 
was.  The  plans  for  the  apparatus  were  made  by  Mr.  Campbell  under 
the  author's  direction,  using  two  23^-inch  pipes  per  pile  with  reduced 
orifices,  some  350  gallons  of  water  per  minute,  and  a  pressure  of  100  or 
more  pounds  per  square  inch.  The  result  of  the  experiment  was  emi- 
nently satisfactory,  for  no  trouble  whatsoever  was  experienced  in  the 
sinking,  the  time  required  for  actual  driving  averaging  on  y  five  or  six 
minutes  per  pile.  As  a  matter  of  experiment  one  pile  was  sunk  GO  feet, 
and  no  special  difl^culty  was  encountered  because  of  the  extra  depth. 
Ten  years  later  when  the  shore  piers  of  the  permanent  bridge  at  the  same 
crossing  were  being  built  by  another  contractor,  it  became  necessary  to 
drive  some  80-foot  piles  their  full  length  into  the  sand  at  the  bottom 
of  an  open  crib.  The  contractor  said  he  could  not  do  the  job,  but  under 
the  direct  superintendence  of  the  author  the  feat  was  accomplished  with- 
out any  serious  trouble,  the  main  difl&culty  encountered  being  to  hold  the 
pile  down  after  driving.  This  was  effected  by  leaving  the  haimner  on  the 
pile  while  the  pipes  were  being  withdrawal. 

Long  piles  w-ere  put  down  by  water  jets  in  two  of  the  author's  bridges 
over  the  Fraser  River  at  New^  Westminster,  British  Columbia.  In  the 
larger  one  the  contractors  were  willing  to  accept  the  engineer's  advice, 
and  although  at  first  they  encountered  what  they  deemed  serious  diffi- 
culty on  account  of  having  to  drive  through  gravel,  they  quickly  over- 
came it  by  doubling  the  pumping  capacity,  after  which  the  driving  pro- 
ceeded smoothly  until  completion.  But  on  the  smaller  bridge  (Lulu  Is- 
land) the  contractor  w^as  unwilling  to  take  advice,  and  insisted  on  putting 
in  a  totally  inadequate  plant,  ^\^th  the  result  that  he  could  not  get  the 
piles  down  to  the  required  depth  until  after  he  had  enlarged  his  plant 
and  his  pumping  capacity. 

In  the  Pacific  Highway  Bridge  over  the  Columbia  River  at  Portland, 
Ore.,  now  under  construction,  as  unusually  long  piles  have  to  be  driven 
through  difficult  material,  the  author's  firm  specified  two  jets  per  pile, 
each  discharging  900  gallons  of  water  per  minute.  It  had  been  stated 
by  high  engineering  authority  that  it  is  impossible  to  drive  such  piles 
for  the  piers  of  that  crossing,  hence  the  unusual  precaution  adopted. 
Up  to  the  time  of  writing  the  contractors  had  not  started  the  pile  driv- 
ing; hence  it  is  impracticable  to  state  here  the  result  of  the  firm's  attempt 
to  "accomplish  the  impossible."  With  rose-jets,  a  pressure  of  175  pounds 
per  square  inch,  and  a  flow  of  1,800  gallons  per  minute,  it  will  be  an  un- 
usually well  compacted  gravel  that  will  prevent  absolutely  the  penetra- 
tion of  the  piles — nous  verrons* 

*  Post  Scriplurn.  It  is  now  several  months  since  the  above  was  written;  and  since 
then  most  of  the  piles  for  the  piers — in  fact,  all  of  the  very  long  ones — have  been  driven, 
and  as  yet  no  special  difficulty  has  been  experienced  in  putting  them  down. 
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As  a  guide  to  those  substructure  contractors  who  are  willing  to  profit 
by  the  experience  of  others,  the  author  offers  the  following  data  con- 
cerning the  driving  of  piles  by  water  jets: 

Where  the  penetration  is  fifty  feet  or  over,  or  where  the  material 
to  be  penetrated  is  unusually  hard,  there  should  be  provided  a  pump  of 
the  following  dimensions: 

Diameter  of  steam  cylinder,  16  inches. 

Diameter  of  pump  pistons,  8  inches. 

Length  of  stroke,  12  inches. 

Revolutions  per  minute,  50  to  75. 

Gallons  per  minute,  500  to  750. 

Suction,  8  inches. 

Discharge,  6  inches. 

Diameter  of  jet  pipes,  2^/^  inches. 

Diameter  of  hose,  23^^  inches. 

Steam  pressure,  120  to  150  pounds  per  square  inch. 

Boilers  with  more  than  enough  capacity  to  supply  the  pump  or  pumps 
under  the  most  unfavorable  conditions  possible. 

Jet  pipes  of  double  strength,  and  the  strongest  procurable  hose. 

The  nozzle  diameter  for  plain  jets  should  be  one  and  a  half  inches; 
but  rose-jets  also  should  be  provided,  as  they  make  a  larger  hole  than  do 
the  plain  jets,  and  are  exceedingly  useful  when  coarse  gravel  is  encountered. 
A  50-foot  section  of  hose  on  each  jet  will  generally  suffice,  provided  that 
a  stand-pipe  for  each  jet  is  extended  half  way  up  the  leads  of  the  pile 
driver. 

The  difficulties  ordinarily  encountered  in  pile  driving  are  due  to  ob- 
structions, such  as  boulders  or  sunken  logs,  in  the  path  of  the  pile.  A 
steam  hammer  is  effective  sometimes  in  cutting  through  logs,  while  a 
water-jet  will  tend  to  displace  boulders.  Quicksand  makes  hard  driving 
unless  a  water-jet  is  employed.  No  pile  driver  outfit  is  complete  without 
a  water-jet  equipment.  A  layer  of  cemented  gravel  is  often  encountered 
near  the  bed  in  streams;  and  it  must  be  pierced  in  order  to  obtain  the 
desired  penetration.  If  its  point  be  shod  with  iron,  the  pile  may  often 
be  driven  through  such  a  layer;  but  sometimes  it  is  necessary  first  to 
drive  through  it  a  bar  of  steel,  such  as  a  piece  of  shafting  or  a  railroad 
rail,  in  order  to  break  the  crust,  after  which  the  pile  will  penetrate. 

One  of  the  most  serious  troubles  to  guard  against  is  that  of  overdriving 
the  pile.  The  symptoms  of  overdriving  are  small  penetration  per  blow, 
springing  and  vibration  of  the  pile  under  the  shock,  brooming  of  its  head, 
and  a  sudden  change  in  the  amount  of  penetration  per  blow.  Penetra- 
tions smaller  than  a  half  inch  should  be  viewed  with  suspicion.  A  num- 
ber of  cases  are  now  on  record  (see  Vol.  10,  Part  1,  page  572  et  seq.  of  the 
Proceedings  of  the  American  Railway  Engineering  Association)  where  piles 
were  driven  without  apparent  injury,  but  when  exposed  by  subsequent 
excavation  were  found  to  be  shattered  and  badly  broomed  at  the  point,  so 
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that  the  effective  bearing  was  much  reduced.  More  damage  can  be  done 
by  overdriving  than  by  underdriving.  A  knowledge  of  soil  conditions 
gained  from  borings  will  materially  aid  the  engineer  in  passing  judgment 
on  pile  driving. 

To  estimate  the  cost  of  driving  piles  for  any  particular  job,  the  engi- 
neer should  consult  cost  data  obtained  from  other  somewhat  similar  jobs, 
consider  thoroughly  the  conditions  which  are  different,  and  adjust  his 
estimate  to  correspond.  A  great  deal  of  cost  data  is  now  published  in 
convenient  form;  and  the  engineer  should  consult  these  records,  if  his 
own  do  not  cover  satisfactorily  the  case  in  hand.  The  principal  factors 
that  will  affect  the  cost  of  driving  are  the  kind  of  material  to  be  pene- 
trated, the  amount  of  penetration,  the  type  and  material  of  the  piles  to 
be  used,  the  method  of  driving,  the  cost  of  labor,  the  practicability  of 
using  water-jets,  the  convenience  of  the  location  of  the  piles  to  the  driver, 
and  the  traffic  restrictions  or  other  possible  interferences. 


CHAPTER  XLIII 

PIERS,    PEDESTALS,    ABUTMENTS,    RETAINING    WALLS,    AND    CULVERTS 

This  chapter  treats  mainly  of  the  shafts  of  piers,  pedestals,  abutments, 
and  retaining  walls,  because  the  portions  of  those  constructions  below 
water  have  already  been  discussed  fully  in  Chapters  XXXVIII  to  XLI 
inclusive.  However,  specifications  for  piers  are  presented  herein  so  as  to 
bring  together  in  one  place  the  necessary  instructions  for  determining  the 
general  features  and  the  details  of  design  of  the  various  types  employed 
in  a  bridge  engineer's  practice. 

Pier  shafts  may  be  divided  into  the  following  classes  in  respect  to 
the  materials  of  which  they  are  built: 

1.  Stone  masonry, 

2.  Brick  masonry. 

3.  Unprotected  concrete,  either  plain  or  reinforced. 

4.  Concrete  protected  by  a  belt  of  stone  masonry  or  steel  plates. 

5.  Oblong  steel  shells  filled  with  concrete. 

6.  Cylinders  filled  with  concrete  and  braced  with  steel  or  with  steel 
and  concrete. 

7.  Braced  steel  towers. 

8.  Timber  towers  or  cribbing. 

In  respect  to  which  of  these  eight  kinds  of  piers  it  is  best  to  adopt 
for  any  particular  crossing,  the  engineer  must  use  his  judgment,  which, 
however,  may  be  aided  by  the  following  remarks  that  are  based  mainly 
upon  the  author's  personal  experience. 

Piers  of  stone  masonry  for  many  years  were  used  almost  exclusively 
for  important  bridges;  but  today  they  are  seldom  employed,  as  concrete 
piers  are  much  cheaper  and  just  as  good,  if  not  better.  It  is  only  occa- 
sionally that  one  now  hears  of  a  stone  masonry  pier  being  called  for  in 
America,  although  one  prominent  engineer  in  this  country  still  exhibits  a 
preference  for  the  more  expensive  material  and  appears  to  be  able  to 
persuade  his  clients  to  pay  for  the  doubtful  luxury.  First-class  stone  is 
a  sine  qua  non  for  stone  masonry  piers,  because  poor  stone  would  not  be 
either  as  strong  or  as  durable  as  ordinarily  good  concrete. 

The  proper  way  to  proportion  a  masonry  pier  is  to  determine  the  least 
size  under  coping  to  support  either  the  pedestals  themselves  or  the  ped- 
estal-blocks, as  the  case  may  be,  leaving  a  small  margin  on  the  exterior 
and  ample  room  between  pedestals  or  pedestal-blocks  to  allow  for  varia- 
tion in  erection,  then  batter  the  pier  all  around  not  less  than  one-half 
inch  to  the  foot,  or  as  much  more  as  investigation  shows  to  be  necessary. 
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The  ('opinj;  sliould  ])r()j('('t  all  iirouiid  about  six  iuclu^s,  tho  amount  tie- 
pending  upon  the  magnitude  of  the  pier  and  the  thickness  of  the  coping 
course,  which  should  be  from  eighteen  to  twenty-four  inches. 

The  batter  for  the  sides  is  to  be  determined  in  the  following  manner: 
First  compute  for  both  tlie  loaded  and  the  empt}'  structure  the  greatest 
longitudinal  components  of  the  total  wind-pressure  that  can  come  upon  the 
pier  from  the  two  spans  which  rest  thereon,  upon  the  assumption  that 
the  friction  at  the  roller  ends  of  the  spans  is  zero.  The  longitudinal 
thrust  is  to  be  taken  as  seventy  (70)  per  cent  of  the  total  transverse  wind 
load.  Find  also  the  greatest  traction  thrusts  from  braked  trains  on  the 
assumptions  that,  first,  the  greatest  live  load  is  on  the  structure,  and 
second,  that  the  least  live  load,  or  one  thousand  pounds  per  lineal  foot, 
is  on  the  same.     Now  find  the  values  of  the  following  combinations: 

1.  Thrust  from  wind  load  on  empty  bridge. 

2.  Thrust  from  heaviest  braked  train. 

3.  Thrust  from  wind  load  with  lightest  live  load  on  the  spans. 

4.  Combined  thrust  from  lightest  possible  braked  train,  and  a  wind- 
pressure  on  train  and  structure  equal  to  one-half  of  that  specified. 

Next  determine  by  judgment  the  proper  batter,  and  lay  off  the  pier 
to  scale.  Then  divide  it  by  horizontal  planes  from  four  to  six  feet  apart, 
and  compute  the  weights  of  all  the  portions  of  the  masonry  between 
these  planes,  making  a  proper  reduction  for  weight  of  water  in  the  cases 
of  those  parts  which  would  be  submerged  by  an  average  stage  of  river. 

Next  compute  the  wind-pressure  on  each  vertical  division  of  the  pier, 
down  to  the  assumed  stage  of  water,  in  a  direction  parallel  to  the  spans, 
using  the  same  intensity  and  direction  for  the  ^\^nd-pressure  as  were 
adopted  in  finding  the  longitudinal  thrust  from  wind-pressure  on  the 
bridge. 

Next  find  graphically  for  all  four  cases  the  curves  of  pressure  from 
the  vertical  and  horizontal  loads  at  top  of  pier,  combined  with  the  weights 
of  the  various  divisions  of  the  latter  and  the  wind-pressures  thereon,  and 
see  that  none  of  the  said  curves  at  any  plane  of  division  pass  outside  of 
the  middle  third  of  the  section  at  the  said  plane.  If  any  of  them  do,  the 
batter  \\'ill  have  to  be  increased,  or,  if  all  the  curves  fall  much  inside  of 
the  middle  third  points,  it  will  have  to  be  decreased;  and  in  either  case 
the  graphical  computations  will  have  to  be  made  again,  and  so  on  until 
a  satisfactor}^  batter  is  found. 

The  author  is  aware  of  the  fact  that  this  method  of  designing  piers  is 
not  in  general  use,  and  it  is  quite  possible  that  he  is  the  sole  engineer  who 
adopts  it;  nevertheless  he  maintains  that  it  is  the  only  proper  wa}^  to 
design  masonr}'  piers.  The  single  concession  which  he  would  be  willing 
to  make  on  the  score  of  economy  would  be  to  assume  that  a  certain  small 
[)ortion  of  the  thrust  on  a  span  is  taken  up  at  the  roller  end.  But  if  the 
rollers  are  in  good  working  order  the  amount  of  thrust  that  they  will  resist 
is  very  small  indeed — so  small,  in  fact,  that  it  is  best  to  neglect  it  entirely. 
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The  ordinary  method  of  proportioning  piers  is  to  make  them  as  small 
as  possible  under  coping  and  batter  them  all  around,  or  at  least  on  the 
sides,  one-half  inch  to  the  foot.  In  some  cases  this  Avill  suffice,  but  in 
others  it  will  not.  One  of  the  largest  bridges  in  the  United  States  has 
piers  built  with  such  insufficient  batter  that  it  is  evident  at  a  glance,  to 
even  an  untrained  eye,  that  something  is  wrong.  One  of  these  piers  is 
cracked  from  top  to  bottom,  owing  to  false  economy  in  the  design,  but 
not  because  of  its  failure  to  figure  properly  for  the  curve  of  pressure. 

An  inherent  sense  of  fitness  in  the  mind  of  the  designer  will  generally 
tell  him,  when  he  looks  at  a  scale-drawing  of  the  superstructure  and  piers 
of  a  bridge,  whether  the  latter  are  properly  proportioned.  In  the  case 
of  the  Red  Rock  cantilever  bridge  over  the  Colorado  River  the  piers  were 
first  laid  out  fourteen  feet  wide  under  coping,  with  a  batter  of  half  an 
inch  to  the  foot,  and  the  drawings  were  submitted  to  the  author  for  his 
criticism.  He  immediately  pronounced  the  piers  to  be  proportioned  in- 
correctly, simply  because  of  their  appearance.  Their  designing  was  then 
turned  over  to  him,  and  he  found  by  trial  that  a  batter  of  one  and  a  quarter 
inches  to  the  foot  was  necessary.  This  batter  gave  a  satisfactory  appear- 
ance to  the  entire  layout. 

In  nearly  every  case  the  length  of  the  piers  up  and  down  stream,  deter- 
mined by  the  minimum  size  under  coping  and  the  proper  side-batter  for 
thrust,  will  provide  sufficient  strength  and  stability  to  resist  both  current 
and  wind-pressure.  A  thorough  investigation  of  resistance  to  overturn- 
ing of  piers  down-stream  is  given  in  Baker's  "Treatise  on  Masonry  Con- 
struction." In  it  he  proves  that  any  pier  which  is  large  enough  under 
coping,  and  which  has  ordinary  batter,  will  resist  properly  the  overturn- 
ing tendency  of  the  worst  possible  combination  of  loads  from  wind,  cur- 
rent, and  floating  ice.  Nevertheless,  in  long-span,  single-track  bridges 
with  very  tall  piers,  crossing  swift  streams  that  carry  thick  ice,  and  where 
the  structure  is  exposed  to  high  winds,  it  is  advisable,  as  a  matter  of  pre- 
caution, to  test  the  piers  for  dowai-stream  overturning  according  to  Prof. 
Baker's  method.  Should  the  length  of  pier  parallel  to  the  stream  be 
found  insufficient,  the  neatest  way  to  obtain  the  requisite  stability  is  to 
put  in  a  cocked-hat  just  above  the  elevation  of  extreme  high  water. 

When  a  masonry  pier  rests  on  bed-rock,  the  latter  should  be  leveled 
or  stepped  off,  and  there  should  be  placed  a  layer  of  rich  concrete  between 
the  rock  and  the  masonry. 

Brick  piers  are  not  common  in  America,  probably  because,  until  lately, 
it  has  been  difficult  to  obtain  proper  brick.  In  the  author's  opinion,  piers 
built  exclusively  of  hard-burned  clinker  brick  and  mortar  of  the  very 
best  quality  of  Portland  cement,  mixed  in  the  proportion  of  one  part  of 
cement  to  two  parts  of  sand,  and  having  thin  joints  perfectly  filled,  are 
better  than  the  average  masonry  pier,  for  the  reason  that  the  bricks  will 
never  disintegrate,  while  the  average  stone  used  for  bridge-piers  will. 

Unprotected  concrete  piers  are  satisfactory  wherever  there  is  no  ice 
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of  any  account  carried  bj'  the  stream.  In  order  to  obtain  a  smooth,  neat 
finish  on  the  exterior  surface  of  concrete,  two  methods  arc  employed. 
The  more  common  one  is  to  spade  back  the  stones  from  the  form  by  the 
use  of  stone-forks.  This  sometimes  produces  a  fair  finish,  but  too  often 
it  does  not.  When  the  surface  is  too  rough  for  appearance,  it  can  be 
smoothed  soon  after  the  forms  are  removed  by  rubbing  it  down  with  co- 
rundum l^ricks,  appHed  generally  by  hand  but  preferably  by  power;  or 
it  can  be  covered  with  grouting  put  on  by  a  pneumatic  gun.  How  dur- 
able the  coating  thus  given  will  prove  will  depend  greatly  upon  how 
rough,  clean,  and  wet  the  surface  covered  was  made  and  how  thoroughly 
the  coating  was  applied.  Troweling  on  a  skin-coat  of  mortar  to  even-up 
the  irregularities  of  surface  of  a  pier  is  a  most  unsatisfactory  way  to 
improve  the  appearance  of  the  construction;  for  the  said  skin-coat  sooner 
or  later  peels  off  and  leaves  the  surface  even  more  unsightly  than  it  would 
have  been  had  no  attempt  at  all  been  made  to  improve  it.  The  other 
method  of  securing  a  smooth  finish  is  described  in  lull  detail  in  the  speci- 
fications of  Chapter  LXXIX.  It  consists  in  carrying  up  simultaneously 
with  the  concrete  an  exterior  shell  of  an  inch  and  a  half  of  mortar,  keep- 
ing the  latter  separated  temporarily  from  the  concrete  by  small,  thin, 
steel  plates  that  are  removed  and  used  over  and  over  again  as  the  work 
proceeds.  This  method  is  a  little  more  expensive  and  troublesome  than 
the  spading-back  method;  but  it  is  always  sure  of  giving  satisfactory 
results.  Contractors  dodge  its  employment  all  they  can — to  the  detri- 
ment of  the  aesthetics  of  their  work. 

Various  types  of  shafts  are  employed  for  concrete  piers,  as  they  can 
be  formed  very  readily  to  suit  any  condition.  The  ordinary  solid  pier 
with  rounded  ends  is  the  type  most  commonly  used,  because  it  is  the 
most  substantial — besides  having  the  best  appearance.  However,  for 
either  high  or  long  piers,  especially  those  supporting  heavy  spans  and 
thus  requiring  widths  of  considerable  amount,  this  type  becomes  very 
expensive  on  account  of  the  large  mass  of  concrete  in  the  centre  that  is 
of  little  value  so  far  as  supporting  the  loads  is  concerned.  Some  of  this 
extra  concrete  can  be  easily  dispensed  with  in  one  of  three  ways.  In 
the  cheapest  construction  the  shaft  can  be  built  in  two  separate  cylinders 
or  square  columns,  each  supporting  one  shoe  from  the  adjacent  spans  and 
being  battered  the  same  as  ordinary  piers  so  as  to  give  them  greater 
strength.  Such  piers  should  be  employed  only  for  cheap  highway  bridges 
over  unimportant  rivers  where  there  is  no  danger  from  ice  or  drift.  A 
more  satisfactory  construction  connects  the  two  cylinders  or  columns 
with  a  substantial  diaphragm,  usualh^  of  reinforced  concrete,  forming 
what  is  sometimes  termed  a  dumb-bell  pier.  The  two  shafts  and  the 
diaphragm  are  connected  with  a  full-width  coping,  the  central  portion 
being  reinforced  as  a  matter  of  precaution,  even  if  it  receives  no  regular 
structural  load.  Except  for  the  question  of  aesthetics,  this  type  of  pier 
can  be  made  as  satisfactory  in  every  respect  as  the  solid  pier;  and  it  is 
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nearly  always  considerably  cheaper.  However,  its  appearance  is  objected 
to  by  some  persons;  and  where  such  objections  exist,  the  two  shafts  can 
be  connected  by  reinforced  side  walls,  producing  in  general  effect  a  solid 
pier.  The  well  thus  formed  should  be  covered  by  a  full-width,  reinforced 
coping,  extending  over  both  shafts.  Moreover,  openings  should  be  pro- 
vided in  the  side  walls  at  the  top  and  bottom  to  permit  the  equalizing 
of  the  water  level  inside  and  outside  of  the  well  as  the  stage  of  the  river 
varies,  thus  preventing  any  hydrostatic  pressure  on  the  walls.  Where 
these  walls  are  very  long,  they  can  be  supported  at  intervals  by  cross 
walls.  This  type  of  pier  is  not  so  economical  either  in  materials  or  in 
construction  as  the  dumb-bell  pier.  The  details  for  these  various  types 
of  piers  adopted  in  the  author's  practice  are  fully  covered  in  the  speci- 
fications at  the  end  of  this  chapter. 

Pivot  piers  for  draw-spans  are  more  and  more  being  constructed  of 
the  cellular  form  as  just  described.  As  a  rule,  they  consist  of  an  outer 
ring,  supporting  the  rollers  or  the  balancing  wheels,  connected  by  radial 
diaphragms  to  a  central  core  that  carries  the  pivot  or  centre  casting.  A 
large  economy  is  often  thus  effected. 

The  copings  of  concrete  piers  are  sometimes  made  of  stone;  but  more 
frequently  they  are  finished  off  either  with  rich  concrete  of  small  broken 
stone,  or  with  granitoid  mixed  in  the  proportion  of  one  part  of  Portland 
cement,  two  parts  of  fine  granite  screenings,  and  three  parts  of  finely 
crushed  granite. 

The  method  of  designing  and  proportioning  concrete  shafts  is  exactly 
the  same  as  that  explained  for  the  designing  and  proportioning  of  stone 
masonry  shafts,  except  that  the  curve  of  pressures  need  not  be  kept  within 
the  middle  third  of  the  section,  provided  that  reinforcing  rods  be  employed 
to  take  up  the  tension  caused  by  the  bending  moments. 

As  before  mentioned,  where  concrete  piers  are  subjected  to  abrasion 
from  heavy  ice  floes,  they  must  be  protected  by  means  of  a  belting  course 
of  hard-stone  masonry  or  steel  plates  for  at  least  the  vertical  range  of 
the  ice.  Usually  the  latter  of  the  two  materials  is  adopted,  because  it 
is  nearly  always  more  economical  as  well  as  more  efficient.  It  will  often 
be  sufficient  to  protect  only  the  up-stream  face  and  a  short  length  of  the 
adjacent  sides;  but  sometimes  it  will  be  found  necessary  to  plate  the 
sides  for  their  full  length,  in  which  case  a  complete  belting  course  will 
be  advisable.  Where  such  is  the  case,  especially  in  piers  of  moderate 
height,  a  steel  shell  covering  the  entire  shaft  may  prove  economical,  for 
then  it  can  be  made  to  serve  as  a  form,  thus  eliminating  all  timber  forms 
except  that  for  the  coping.  Ice  breaks  are  frequently  needed  where  the 
ice  forms  in  excessive  thicknesses  or  where  the  river  is  subject  to  destruc- 
tive ice-jams;  and  an  engineer  should  always  ascertain  the  probable  needs 
of  the  case  in  hand,  particularly  as  the  omission  of  this  means  of  breaking 
up  the  ice  may  prove  disastrous  to  the  structure. 

When  the  footing  course  or  the  l)ottom  of  a  pier  shaft  rests  on  a  crib 
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or  caisson,  there  should  be  a  space  of  a  foot  or  two  all  around  between 
the  exterior  of  the  shaft  and  the  inner  walls  of  the  cofferdam  of  the  said 
crib,  in  order  to  provide  for  a  possible  error  of  final  position  of  the  pier 
base,  this  offset  being  a  little  greater  for  concrete  piers  than  for  those 
constructed  of  other  materials,  so  as  to  permit  the  placing  of  the  timber 
forms. 

Steel  shells  filled  with  concrete  make  very  satisfactory  piers,  provided 
they  be  not  used  in  salt  or  brackish  water,  which  would  rust  them  out 
in  a  short  time.  Such  piers  can  be  built  in  the  usual  form  of  masonry 
piers  with  rounded  ends  all  the  way  up;  or,  in  case  of  highway  structures, 
when  they  pass  much  above  high  water,  they  may  run  off  into  two  cyl- 
inders with  bracing  between.  Butt-splices  are  preferable  to  lap-joints  for 
the  steelwork.  This  style  of  pier  used  to  be  a  favorite  one  of  the  au- 
thor's, for  the  reason  that  it  is  both  sightly  and  inexpensive.  When 
taken  to  task  for  using  it,  as  often  happened,  he  used  to  reply,  "Good 
concrete  protected  with  steel  is  better  than  poor  masonry."  In  respect 
to  the  thickness  of  steel  to  use,  the  author's  practice  is  to  adopt  half 
an  inch  of  metal  below  the  ordinary  stage  of  water  and  three-eighths  of 
an  inch  above,  although  for  cheap  bridges  he  occasionally  shades  these 
thicknesses  one-sixteenth  of  an  inch.  For  the  coping  of  such  piers  stone 
may  be  employed ;  but  it  is  preferable  to  put  on  a  moulding  of  sheet  metal, 
as  this  is  more  in  keeping  with  the  rest  of  the  pier.  This  style  of  coping 
has  been  criticised  on  the  plea  that  it  is  false,  and  that  it  has  no  direct 
function;  nevertheless,  the  author  considers  it  eminently  proper  to  use  it, 
and  that  its  function  is  simply  to  beautify  the  construction  by  relieving  the 
harsh  outlines. 

Cylinder  piers  filled  with  concrete  used  to  be  the  most  common  kind 
of  pier  in  America,  and  they  are  certainly  the  worst;  nevertheless  they 
have  their  place  in  good  construction,  when  they  are  properly  designed 
and  built.  Their  abuse  is  due  mainly  to  the  builders  of  cheap  highway 
bridges,  who  think  that  if  the  top  of  the  cylinder  is  simply  large  enough 
to  hold  the  pedestals,  that  is  all  that  is  necessary,  no  matter  how  high  the 
piers  may  be,  how  great  may  be  the  scour,  or  what  kind  of  foundation 
there  may  be.  If  piles  are  employed  as  a  foundation,  they  put  in  all  that 
their  small  cylinders  will  hold,  and  never  dream  of  its  being  necessary  to 
figure  how  many  tons  each  pile  will  have  to  sustain.  Cylinder  piers  are 
legitimate  construction  in  places  where,  under  the  worst  possible  condi- 
tions in  respect  to  scour,  they  will  have  a  firm  grip  in  sohd  material,  say 
not  less  in  depth  than  twenty  per  cent  of  the  height  of  the  entire  pier. 
Cylinder  piers  will  not  often  stand  the  test  of  the  curves  of  pressures 
herein  described  for  masonry  piers;  but  this  is  not  necessary,  because 
they  can  resist  tension  on  one  side  in  both  the  metal  and  the  concrete, 
if  the  latter  be  of  the  correct  quality;  i.  e.,  the  cylinders  can  act  as  beams 
to  resist  the  horizontal  thrust  of  wind  and  trains  in  the  same  way  as  do 
many  columns  of  elevated  railroads.     Nevertheless  for  railroad  bridges  the 
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author  would  advise  against  the  adoption  of  long  cylinders  for  piers,  on 
account  of  their  inability  to  resist  vibration  effectively.  In  some  cases  it 
is  economical  to  adopt  a  group  of  four  comparatively  small  cyhnders  well 
braced  on  all  four  faces;  but  with  this  style  of  foundation  it  is  generally 
customary  to  employ  braced  towers  resting  on  the  cylinders.  The  diam- 
eter for  a  cylinder  should  depend  not  only  upon  the  size  required  at  the  top, 
but  also  upon  its  height  and  the  character  of  the  foundation.  It  is  some- 
times governed  also  by  the  total  vertical  load  to  be  carried,  the  intensit}'' 
of  which  should  never  exceed  the  limit  set  in  the  specifications  given 
in  Chapter  LXXVIII.  It  is  economical  sometimes  to  increase  the  diam- 
eter of  a  cylinder  between  top  and  bottom,  but  in  such  cases  the  lower 
twenty  feet  should  be  made  plumb  so  that  the  cylinder  can  be  sunk  with 
ease  and  accuracy.  This  detail  was  adopted  for  the  Jefferson  City  Bridge, 
the  variation  in  diameter  being  obtained  by  telescoping  some  of  the  lengths 
and  putting  in  filling-rings.  This  required  a  trifle  more  metal  than  truly 
conical  piers  would  necessitate;  but  the  shopwork  was  much  simpler. 
However,  with  the  present  shop  facilities  conical  piers  do  not  present  the 
difficulties  they  did  in  the  past. 

The  bracing  between  the  up-stream  and  the  down-stream  cylinders  of 
a  pier  in  the  river  should  invariably  be  of  solid  webs  properly  stiffened, 
extending  from  high  water  to  near  low  water,  in  case  there  be  saiy  drift; 
but  for  cylinder  piers  on  shore  an  open  bracing  of  struts  and  ties  will 
sometimes  suffice.  Details  of  the  latter  type  are  shown  in  Fig.  43a.  In 
some  of  his  constructions,  notably  the  Columbia  River  Bridge  at  Trail, 
British  Columbia,  the  author  has  employed  a  steel  box  girder  filled  with 
concrete  between  the  two  cylinders  so  as  to  increase  the  mass  that  has  to 
resist  the  shock  of  ice  and  drift-wood.     Fig.  436  illustrates  such  bracing. 

Portland  cement  concrete  of  the  very  best  quality  should  be  used  for 
filling  cylinder  piers;  and  the  filling  should  be  done  with  the  greatest  care 
and  thoroughness.  Whenever  the  concrete  has  to  be  placed  below  water, 
it  should  be  put  in  by  using  a  tremie;  and  the  composition  of  the  concrete 
should  be  much  richer  than  for  concrete  laid  in  the  dry. 

Wlienever  a  cylinder  is  sunk  to  bed-rock,  it  should  be  let  into  the 
same  far  enough  to  prevent  all  possibility  of  slipping,  and  so  as  to  give 
an  even  bearing  all  around  the  circumference.  This  is  an  easy  matter 
when  the  pneumatic  process  is  employed  for  sinking,  but  it  is  often  diffi- 
cult in  the  case  of  open  dredging. 

Concerning  braced  steel  piers  or  towers  but  little  need  be  said,  except 
that  they  should  conform  in  their  design  with  the  specifications  given  in 
Chapter  LXXVIII.  It  is  advisable,  if  practicable,  to  avoid  battering 
more  than  two  faces  of  a  braced  pier,  on  account  of  the  troublesome 
shopwork  that  would  be  involved  with  a  four-face  batter;  nevertheless 
it  is  often  necessary  to  adopt  such  construction,  especially  for  high  piers. 

Timber  piers  arc  merely  a  makeshift;  hence  they  do  not  merit  much 
consideration.     They  are  employed  sometimes  to  support  steel  bridges 
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until  money  is  available  for  building  masonry  piers.  It  is  seldom  that 
timber  piers  are  built  in  large  rivers  where  the  current  is  rapid  and  the 
scour  is  great.  The  author  was  once  forced  by  circumstances  into  build- 
ing pile  piers  under  these  conditions;  and,  although  they  served  their 
purpose  excellently,  and  were  in  a  good  state  of  preservation  when  re- 
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Fig.  43a.     Details  of  Open  Bracing  for  Steel  Cylinder  Piers. 

moved  after  ten  years  of  service,  he  does  not  recommend  their  adoption, 
because  of  the  uncertainty  of  their  ability  to  resist  scour,  ice-abrasion, 
drift-gorges,  and  fire.  The  piers  referred  to  were  the  temporary  piers 
of  the  East  Omaha  Bridge  over  the  Missouri  River.  They  were  con- 
structed in  the  winter,  mostly  on  a  sand-bar,  by  driving  groups  of  seventy- 
foot,  red-cypress  piles  fift}'^  feet  into  the  sand  by  means  of  powerful  water- 
jets,  then  sheathing  the  sides  and  the  nose  of  each  pier  with  four-inch  oak 
planks  and  bracing  the  piles  on  the  inside.  The  nose  was  on  an  incline, 
faced  with  steel  plates  where  the  ice  could  reach  it,  and  forming  a  cutting 
edge  capped  with  a  heavy  railroad  rail.  Each  pier  was  surrounded  with 
a  woven  willow  mattress,  eighteen  inches  thick,  of  the  most  substantial 
character,  sunk  and  kept  in  place  with  rock.  These  piers  received  a  much 
more  severe  test  than  was  anticipated  when  they  were  designed,  because 
the  channel  shifted  across  the  river,  so  that  at  times  there  were  thirty- 
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five  feet  of  water  where  there  was  a  drj^  sand-bar  when  the  bridge  was 
constructed.  The  mattresses  were  not  injured  by  the  scour,  but  were 
simply  lowered,  the  edges  going  deeper  than  the  portions  near  the  piers. 
The  only  ill  effect  noticeable  was  the  springing  down-stream  of  the  tops 
of  two  piers,  in  one  case  about  six  inches  and  in  the  other  about  eleven 
inches.  In  order  to  bring  the  tops  of  these  piers  partially  back  to  place 
and  prevent  any  further  deflection,  the  author  employed  a  detail  which 
proved  to  be  very  satisfactory.  It  consisted  in  passing  one  end  of  a  strong 
iron  chain  loosely  around  an  up-stream  pile  and  dropping  the  loop  to  the 
bottom,  then  attaching  near  the  other  end  of  the  chain  a  steel  rod  with 
an  adjusting  device.  A  number  of  these  chains  were  used  for  each  pier, 
the  rods  passing  through  heavy  timbers  on  the  down-stream  end  near  the 
top.  By  screwing  up  on  these  adjustments  the  tops  of  the  two  piers  were 
moved  back  a  httle.  Provision  was  made  for  future  scour  by  leaving  some 
spare  chain  beyond  the  point  at  which  the  rod  took  hold,  so  that  one 
chain  at  a  time  could  be  loosened,  lowered,  and  re-tightened. 

Pedestals  are  used  where  shallow  foundations  are  permissible  and 
where  the  loads  to  be  supported  are  moderate.  Formerly  they  were 
made  of  stone  masonry,  but  today,  in  America  at  least,  they  are  invariably 
built  of  concrete.  This  is  generally  plain,  but  it  is  reinforced  when  the 
base  is  spread  rapidly.  It  is  customary,  for  appearance,  to  batter  ped- 
estals uniformly  where  they  are  visible,  and  for  economy  to  step  off  those 
parts  of  the  bases  which  are  always  hidden  either  by  the  ground  or  by 
the  water.  The  top  of  a  pedestal  is  designed  so  as  to  carry  properly  the 
greatest  possible  load  that  can  come  upon  it;  and  the  bottom  is  propor- 
tioned so  as  adequately  to  support  the  said  load  plus  the  weight  of  the 
pedestal  itself,  when  due  consideration  is  given  to  the  special  character 
of  the  foundation.  The  batter  on  the  faces  will  generally  be  about  two 
inches  to  the  foot,  although  in  some  extreme  cases  it  might  be  reduced 
to  one  and  a  half  or  raised  to  two  and  a  half  inches — or  even  more,  should 
the  total  height  be  small  and  the  foundation  soft.  When  a  pedestal  rests 
on  rock  or  other  truly  hard  material,  the  area  of  the  base  should  usually 
be  kept  small;  but  when  the  foundation  is  soft,  either  piles  should  be 
employed  or  the  base  be  made  unusually  large.  In  most  cases  the  former 
method  is  the  better,  but  there  are  conditions  where  piles  would  do  more 
harm  than  good  by  breaking  up  a  stiff  stratum  of  clay  overlying  a  much 
softer  one  of  that  or  some  other  material.  In  such  a  case  it  may  prove 
necessary  to  adopt  spread  footings  properly  reinforced,  as  discussed  on 
pages  857  and  938.  Again,  it  is  often  necessary  to  go  to  a  lower  eleva- 
tion with  the  base  when  no  piles  are  employed  than  it  is  when  they  are 
adopted.  In  designing  any  pedestal,  thought  must  be  given  to  the  pos- 
sibility of  the  base  ever  being  exposed  either  by  removal  of  the  surround- 
ing earth  or  by  lowering  the  water  level.  If  such  a  contingency  is  pos- 
sible, the  neat  work  or  shaft  should  be  carried  far  enough  down  to  pre- 
vent the  appearance  of  the  structure  from  being  injured  by  the  exposure 
to  view  of  the  unsightly  stepping. 


Fig.  436.     Details  of  Solid-web  Bracine  for  Steel  Cylinder  Piers. 
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In  figuring  loads  on  pedestals  the  effect  of  transferred  wind  load  and 
that  of  centrifugal  load  must  not  be  overlooked.  Again,  especially  in 
elevated  railroad  work,  when  solitary  braced  bents  or  solitary  columns  are 
employed,  in  addition  to  the  usual  loads  on  the  foundation  there  will  be 
an  increased  pressure  due  to  bending  moments — both  longitudinal  and 
transverse.  If  a  pedestal  base  of  dimensions  h  and  b  be  subjected  to  a 
central  load  P  and  to  a  moment  M  tending  to  cause  rotation  in  a  direc- 
tion parallel  to  the  dimension  h,  the  unit  pressure  /  at  either  edge  of  the 

base,  when  —  (or  the  eccentricity  e)  is  less  than  — ,  is  given  by  the  formula, 

When  e  is  greater  than  — ,  there  is  a  tendency  to  uplift  along  one  face; 
and  the  maximum  pressure  is 

/  =         //      V  [Eq.  21 

When  e  equals  — ,  the  unit  pressure  is  zero  at  one  edge,  and  at  the  other 
it  has  the  value 

/  =  ^.  [Eq.  3) 

All  columns  should  be  anchored  to  the  pedestals  in  a  substantial  man- 
ner; and  if  there  is  any  tendency  whatsoever  to  overturning,  the  connec- 
tion of  the  anchor  bolts  to  the  steelwork  should  be  such  as  to  develop 
the  full  strength  of  the  said  bolts.  The  figuring  of  anchor  bolts  is  fully 
discussed  in  Chapter  XVI.  In  the  case  of  a  high,  narrow  trestle  or  tower 
resting  on  bare  rock,  there  may  be  a  tendency  on  the  part  of  the  designer 
to  cut  down  the  pedestals  to  a  minimmn,  and  this  is  legitimate  so  long  as 
the  mass  employed  is  sufficient  to  resist  overturning  with  an  ample  factor 
of  safety,  or  in  case  that  the  anchor  bolts  are  set  a  considerable  distance 
into  solid  rock. 

Abutments  are  used  at  the  shore  ends  of  spans  to  retain  the  bank 
as  well  as  to  carry  the  vertical  loads  from  the  span.  They  should  be 
designed  as  retaining  walls  as  well  as  piers.  There  are  four  types,  viz., 
straight,  wing,  U,  and  T  abutments.  The  size  of  the  top  is  fixed  by  the 
requirements  of  the  span.  The  size  of  the  base  is  to  be  determined  by 
the  magnitude  and  position  of  the  vertical  and  horizontal  loads,  and 
the  bearing  capacity  of  the  foundation.  The  necessary  conditions  to  in- 
sure stability  are  treated  under  the  discussion  of  retaining  walls.  The 
centre  line  of  bearing  of  the  shoes  should  be  kept  toward  the  back  of  the 
abutment  as  much  as  possible.    The  distribution  of  pressures  on  the  base 
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shoukl  bo  investigated  to  see  that  the  unit  i^rcssure  at  the  toe  does  not 
exceed  the  allowable  bearing  value  of  the  foundation;  and  this  is  especially 
true  of  yielding  foundations,  where  such  excess  will  cause  a  shifting  of  the 
centre  of  rotation  and  a  rapid  tlecrcase  in  the  stability  of  the  abutment. 
In  the  case  of  wing  abutments,  it  will  be  found  that,  owing  to  the  load 
from  the  span  being  carried  by  the  head-wall,  the  latter  will  have  a  larger 
unit  bearing  than  the  wing-walls,  and  hence  will  tend  to  settle  more  than 
these  and  thus  to  produce  a  crack  at  their  junction.  This  can  be  avoided 
either  by  making  a  slip-joint  at  this  place  or  by  putting  in  sufficient  rein- 
forcing steel  to  make  the  entire  construction  act  as  a  unit. 

Abutments  should  be  designed  so  as  to  secure  the  following  conditions: 

The  structure  must  be  stable  against  overturning  about  any  point  in 
the  front  of  the  footing  or  on  the  face  of  the  wall,  and  must  be  safe  against 
crushing  at  any  of  these  points.  It  must  also  be  stable  against  sliding 
on  the  foundation  or  on  any  horizontal  section  through  the  structure.  The 
unit  pressure  at  the  toe  must  be  kept  within  the  safe  bearing  capacity 
of  the  foundation.  The  abutment  should  protect  the  embankment  against 
scoiu"  and  prevent  the  surface  drainage  from  washing  away  the  earth  at 
the  back  of  the  wall;  and  it  should  afford  an  easy  and  continuous  track- 
comiection  from  the  embankment  to  the  span.  It  should  be  drained  in 
the  same  mamier  as  any  other  form  of  retaining  wall. 

Abutments  may  be  made  of  masonry,  of  solid  concrete,  or  of  the  hol- 
low reinforced-concrete  type  with  counterforts.  An  excellent  comparison 
of  the  various  types  with  extensive  data  on  quantities  and  costs  is  to  be 
found  in  an  article  by  J.  H.  Prior,  Esq.,  C.  E.,  which  was  printed  in  Vol. 
13,  pages  1084-1150,  of  the  Proceedings  of  the  American  Railway  Engi- 
neering Association.  In  the  Committee  Report  in  Vol.  10,  Part  2,  of  their 
Proceedings  a  valuable  fund  of  information  is  to  be  found  concerning  the 
design  and  details  of  abutments,  and  in  addition  there  are  given  many 
data  regarding  abutments  actually  built. 

There  is  another  type  of  structure  known  as  the  buried  pier  which  has 
some  advantages  over  the  customary  abutment.  In  this  case  the  em- 
bankment is  allowed  to  spill  around  a  small  pier  until  it  is  nearly  buried, 
thereby  in  a  large  measure  equalizing  the  earth  thrusts  in  front  and  rear. 
A  short  girder  span  is  often  used  to  connect  with  the  main  span  which  rests 
on  a  main  pier  at  the  bank  of  the  stream.  Where  there  is  no  danger  of 
scour,  this  is  an  economical  structure,  as  it  requires  no  wing  walls;  and  the 
difference  in  total  cost  between  a  layout  with  buried  piers  and  one  with 
abutments  is  often  so  great  as  to  warrant  a  considerable  expenditure  of 
money  for  the  protection  of  the  embankment  against  scour  by  the  adop- 
tion of  rip-rap  along  its  toe  at  end  and  sides,  carried  up  to  and  a  little 
above  liigh-water  mark.  An  advantage  possessed  by  the  buried  pier 
layout  is  that  it  usually  increases  the  area  of  the  waterway — a  matter  which 
sometimes  is  of  considerable  importance. 

Retaining  walls,  like  abutments,  may  be  of  masonry,  of  solid  concrete. 
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or  of  reinforced  concrete  either  with  or  without  counterforts.  They  should 
be  designed  to  act  as  a  unit  and  to  resist  the  maximum  earth  pressure 
that  can  come  against  them.  To  prevent  an  accumulation  of  water  in 
the  rear  of  the  wall,  a  drain  tile  should  be  laid  near  the  ground-line  and 
covered  with  broken  stone.  Weepers  should  be  provided  so  as  to  let  the 
water  pass  off  quickly  without  developing  an  objectionable  hydrostatic 
pressure  against  the  construction.  The  factor  of  safety  against  over- 
turning about  the  front  toe  should  be  not  less  than  two,  and  the  coeffi- 
cient necessary  to  prevent  sliding  should  never  be  taken  greater  than  0.4, 
even  when  the  foundation  is  rock.  The  width  of  base  should  never  be 
less  than  four-tenths  of  the  total  height,  and  often  this  limit  should  be 
increased  to  one-half.  Attention  must  be  paid  to  the  distribution  of 
pressures  on  the  base  and  to  the  character  of  foundation,  i.  e.,  whether 
or  not  it  be  yielding.  With  a  yielding  foundation  the  point  of  rotation 
is  shifted  back  from  the  face  so  that  the  danger  of  overturning  increases 
rapidly.  To  study  this  distribution  of  pressure  on  the  base  as  well  as  to 
design  reinforced-concrete  walls  it  is  necessary  to  approximate  the  earth 
pressures  acting  on  the  wall. 

As  a  basis  for  such  approximation  the  author  has  adopted  Rankine's 
formulae  for  conjugate  pressures  in  granular  masses  devoid  of  cohesion  as 
giving  the  limiting  pressures  to  which  a  wall  may  be  subjected  if  properly 
drained.  These  formulae  have  been  widely  published  and  are  used  by 
many  engineers.  The  American  Railway  Engineering  Association  has 
also  adopted  them  until  further  investigation  develops  something  more 
reliable.  Friction  between  the  back  of  the  wall  and  the  contiguous  earth 
is  neglected  so  as  to  secure  a  greater  factor  of  safety.  These  formulae, 
assuming  the  wall  length  to  be  unity,  for  a  horizontal  backing  without 
surcharge  are  as  follows: 


Intensity  of  pressure, 


1  —  sin  v>  rx^      ,1 

p  =  whX——. ;  [Eq.4] 

1  +  sm  ^ 


Total  pressure  (horizontal), 


„      w  h^       1  —  sin  (p  -_     ^, 

P  =  -1,-  X  ■    ,     .       ;  [Eq.5] 

2         1  +  sm  (^ 

Overturning  moment, 

'h  Wh^  1    —    sin   <P  r-r-  ^n 

M  =  P-  =  —  X  ,    ,     .       ;  [Eq.  6] 

3  6         1  -f  sm  ^ 

where  w  =  weight  of  earth  in  pounds  per  cubic  foot, 

h  =  height  of  wall  in  feet, 
and      <p  =  angle  of  repose  of  material  forming  the  backing. 

For  a  vertical  wall  with  a  surcharge  at  an  angle  5  with  the  horizontal, 
the  total  pressure  (parallel  to  surface  slope)  becomes 
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1  ,  ^           ^  _   COS  5  -    V  COS^  5  -  COS''  <p  ,„       ^, 
P  =  —  w^  /i'  COS  5  X — ^;            [Eq.  7 

2  COS  5  +  V  cos^  5  -  cos'  <p 

and  where  5  is  equal  to  <p,  this  formula  reduces  to 

P  =  —  w  ;i2  cos  <p.  fEq.  8] 

Attention  should  be  called  to  the  exact  agreement  between  the  Ran- 
kine  formula  for  total  pressure  on  a  vertical  face  with  level  back-fill  with- 
out surcharge  and  the  corresponding  Coulomb  formula,  which  is  based  on 
the  maximum  sliding  earth  wedge,  viz. 

P  =  ■^whnaji'  (45°  -  y).  [Eq.  9] 

As  representing  average  conditions,  the  author  assumes 

w  =  110  lbs.  per  cu.  ft., 
and  (p  =  angle  corresponding  to  13^  to  1  slope. 

We  then  have  the  following  formulae: 
For  no  surcharge, 

p  =  SlAh,  [Eq.  10] 

and  P  =  15.7  h!".  [Eq.  11] 

For  a  level  surcharge  of  height  h', 

P,  =  \b.lh{h-\-2h').  [Eq.  12] 

For  an  inclined  surcharge  of  indefinite  extent  making  an  angle  with 
the  horizontal  equal  to  a  1}^  to  1  slope, 

P's  =  45.8  h\  [Eq.  13] 

The  corresponding  values  of  the  moments  are 

M  =  b.2  h\  [Eq.  14] 

^3  =  15.7  h' {^  +  h') ,  [Eq.  15] 

and        M's  =  15.3  hK  [Eq.  16] 

Between  the  above  limiting  conditions  of  surcharge  there  will  be  found 
various  combinations  in  actual  practice,  and  the  designer  in  such  a  case 
will  have  to  choose  such  an  intermediate  value  as  will  best  fit  the  condi- 
tions. Fig.  43c  will  be  found  convenient  for  determining  pressures  and 
positions  of  resultants  for  the  case  of  no  surcharge,  that  of  a  level  sur- 
charge, or  that  of  an  inclined  surcharge  of  indefinite  extent  on  a  13^  to  1 
slope.  This  diagram  was  prepared  on  the  assumption  that  w  is  equal 
to  100  pounds  per  cubic  foot;  and  the  values  for  any  other  unit  weight 
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of  back-filling  can  be  readily  computed  by  direct  proportion,  using  a  slide 
rule. 

Having  approximated  the  earth  thrust,  it  is  then  combined  with  the 
weight  of  the  wall  and  any  earth  prism  resting  on  the  back  thereof;   and 


/O 


40 


Fig.  43c.     Eaxth  Pressures  for  Retaining  Walls. 
Note. — For  inclined  surcharge  P  is  parallel  to  surcharge  slope. 
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the  resulting  force  is  found  by  the  usual  process.  This  resultant  by  its 
amount,  position,  and  direction  determines  the  upward  pressures  and 
their  intensities  which  act  along  the  base  of  the  wall.  These  intensities 
are  considered  to  vary  as  do  the  ordinates  to  a  straight  line.  For  their 
determination  we  proceed  as  follows: 

Let  V  =  vertical  component  of  the  resultant, 
B  =  full  ^\ndth  of  base, 
and        Q  =  distance  from  toe  to  the  force  P  at  base. 

Then  when  Q  is  equal  to  or  greater  than  — ,  the  pressure  /  at  the  toe  is 

o 


/=  (45-6Q) 
while  at  the  heel  it  has  the  value, 

/=  (6Q-2  5) 
B 


B^' 

V_ 
B^' 


[Eq.  17] 


[Eq.  18] 


When  Q  is  less  than  — ,  the  maximum  unit  pressure  is  given  by  the 
o 


formula, 


/  = 


2V 
3Q* 


[Eq.  19] 


In  no  case  should  the  intensity  of  pressure  at  any  part  of  a  foundation 
exceed  the  allowable  bearing  value  for  the  material  considered. 

There  are  tw^o  types  of  reinforced-concrete  retaining  walls,  the  canti- 
lever and  the  counterforted. 

The  cantilever  type  is  suitable  for  low  walls  only — say  twenty  (20) 
feet  high  as  a  maximum.     As  shown  in  Fig.  43d,  it  consists  of  a  vertical 
face- wall  or  stem  supported  by  a  base-slab,  with  reinforce- 
ment as  required.      For  economy,  the  stem  should  be  so 
located  that  the  toe  projection  is  about  one-third  of  the 
width  of  the  base. 

The  equations  already  given  in  this  chapter  will  suffice 
for  finding  the  foundation  pressures  or  for  computing  the 
width  of  the  base.  To  determine  the  sections  of  the 
wall,  it  is  then  necessary  to  figure  the  stresses  at  the 
bottom  of  the  face-wall  and  in  the  footing-slab  at  both 
the  front  and  the  rear  thereof.  The  section  at  the  bot- 
tom of  the  face-w^all  is  to  be  figured  for  the  moment  and 
the  shear  produced  by  the  horizontal  earth  pressure  and 
for  the  direct  load  of  the  face-wall  itself.  Fig.  37m  will 
be  found  useful  for  this  purpose.  The  unit  shear  at 
this  place  should  be  kept  low  for  the  reasons  given 
later.  Evidently  reinforcement  will  be  required  in  the  rear  face 
only.  The  thickness  at  the  top  is  made  the  minimum  desired— 
rarely  less   than   twelve    (12)    inches — and    the    wall    is    battered  uni- 


FiG.  43d.  Canti- 
lever Retaining 
WaU. 
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formly  from  top  to  bottom  at  the  back.  The  section  of  the  footing 
at  the  front  of  the  face-wall  is  to  be  figured  for  the  moment  and 
the  shear  produced  by  the  upward  pressure  of  the  foundation  beneath, 
reduced  properly  for  the  weight  of  the  footing  itself.  The  design  is  to 
be  made  in  accordance  with  the  notes  given  on  pages  861  and  939  under 
the  headings  "The  Calculation  of  Stresses  in  Wall  Footings,"  and  "The 


Fig.  43e.     Counterforted  Retaining  Wall. 


Design  of  Wall  Footings."  Reinforcement  is  needed  in  the  bottom  only. 
The  section  at  the  back  of  the  face-wall  is  to  be  proportioned  to  resist 
properly  the  downward  moment  and  the  shear  produced  b}^  the  earth  above 
and  the  footing  slab,  reduced  by  the  upward  moment  and  the  shear  of  the 
foundation  pressure  Ix'neath.  The  critical  section  should  be  taken  at  the 
centre  of  the  face-wall  reinforcement  rather  than  at  the  back  of  the  wall, 
as  this  reinforcement  furnishes  the  reaction  at  this  point.  It  will  be  found 
that  reinforcement  is  required  here  in  the  top  only  of  the  footing.  In  this 
instance  the  critical  section  for  diagonal  tension  is  to  be  taken  at  the 
face-wall  reinforcement,  rather  than  at  a  distance  equal  to  the  depth  of 
the  footing  away  from  the  face,  as  would  be  the  case  were  the  resultant 
pressure  upward  rather  than  downward. 

All  sections  of  the  concrete  should  be  made  so  thick  that  shear  rein- 
forcement is  unnecessary.  Care  must  be  taken  to  see  that  all  bars  are 
extended  far  enough  past  the  critical  sections  to  develop  them  properly. 
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In  the  case  of  the  face-wall  reinforcement,  this  is  fr(xiuently  a  (Ufficult 
matter;  and  it  may  recjuire  the  use  of  a  deeper  footing  tlian  would  other- 
wise be  necessary.  Comparatively  small  bars  should  be  used  for  this 
reinforcement,  in  order  that  the  length  of  embedment  required  may  be 
kept  down;  and  they  should  either  entl  in  a  hook  or  else  bend  toward  the 
front  of  the  footing  with  a  radius  equal  to  fifteen  (15)  times  the  diameter 
of  the  bar,  and  then  extend  along  the  bottom  of  the  footing  to  serve  as 
reinforcement  for  the  toe.  As  the  face-wall  reinforcement  will  be  spliced 
a  short  distance  above  the  top  of  the  footing,  this  detail  does  not  involve 
the  use  of  unwieldy  V)ars;  and  it  is  probably  the  best  arrangement  pos- 
sible. Longitudinal  reinforcement  should  be  employed  in  both  face-wall 
and  footing  to  serve  as  both  distribution  steel  and  temperature  reinforce- 
ment. About  one-half  of  one  per  cent  should  be  used,  unless  the  expan- 
sion joints  are  placed  close  together,  in  which  case  a  somewhat  smaller 
amount  will  suffice.  It  should  be  thoroughly  wired  to  the  main  reinforce- 
ment at  all  intersections.  At  expansion  points  there  should  be  a  dove- 
tailed joint  in  the  face- wall;  and  it  may  be  necessary  to  thicken  the  said 
wall  at  these  points  on  this  account.  The  onlj^  weak  point  in  the  canti- 
lever t>T3e  of  wall  is  the 'section  of  the  face-wall  at  the  top  of  the  footing. 
Since  this  is  necessarily  a  construction  joint,  its  shearing  strength  is  likely 
to  be  low.  A  rather  low  unit  shear  should  be  used  in  designing  this  sec- 
tion, as  has  been  previously  stated;  and  in  the  construction  care  should 
be  taken  to  see  that  the  surface  of  the  concrete  of  the  footing  is  well  rough- 
ened and  that  it  is  thoroughly  cleaned  and  wetted  before  the  placing  of 
the  concrete  in  the  face-wall  is  begun. 

The  counterforted  type  of  retaining  wall  is  preferable  to  the  canti- 
lever form  for  heights  exceeding  twenty  (20)  feet,  and  is  at  least  as  satis- 
factory for  somewhat  lower  walls.  As  shown  in  Fig.  43c,  it  consists  es- 
sentially of  a  thin  face- wall  resting  on  a  footing-slab,  and  tied  back  to 
the  footing  by  vertical  counterforts  at  intervals.  The  front  wall  is  usually 
placed  some  distance  back  from  the  front  of  the  footing,  a  maximum  of 
economy  being  obtained  when  the  front  projection  is  about  one-third  of 
the  total  width  of  the  base.  Occasionally  buttresses  from  the  face-wall 
to  the  footing-slab  are  used  in  front  at  each  counterfort ;  but  this  is  unusual. 

The  pressures  on  the  foundations  and  the  width  of  the  base  are  to  be 
determined  as  for  the  gravity  or  the  cantilever  type  of  wall,  using  the  for- 
mulae previously  given  in  this  chapter.  After  these  have  been  figured,  it 
is  necessary  to  design  the  face- wall,  the  front  toe,  the  footing-slab  back 
of  the  face-wall,  and  the  counterforts. 

The  face- wall  is  to  be  designed  as  a  horizontal  beam,  loaded  with  a 
uniform  horizontal  load,  and  supported  by  the  counterforts.  The  load 
at  any  point  can  be  figured  by  means  of  equations  previously  given. 
The  wall  ^\^ll  be  continuous  over  the  counterforts,  except  at  an  occasional 
expansion  joint,  and  even  there  it  will  be  monolithic  with  the  counterfort; 
so  that  the  moment  at  each  counterfort  and  at  the  centre  of  each  span 
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should  be  taken  as  -~,  where  p  is  the  unit  pressure  at  any  given  eleva- 
1^ 

vation,  and  I  \s  the  distance  from  centre  to  centre  of  counterforts.     The 

reinforcement  can  be  arranged  as  shown  in  Fig.  43/.     Bars  "1"  and  "2" 

are  used  alternately,  Bars  "3"  beijig  in  the  same  horizontal  planes  as 

Bars  "1."     For  low  walls,  the  face-walls  can  be  of  constant  thickness 

throughout,  the  spacing  of  the  reinforcing  bars  increasing  gradually  from 

the  bottom  to  the  top;   but  for  high  walls,  it  will  be  advisable  to  make 

the  thickness  at  the  bottom  greater  than  that  at  the  top.     The  minimum 

thickness  of  any  wall  should  be  twelve  (12)  inches. 

The  design  of  the  front  toe,  for  the  usual  case  in  which  no  buttresses 

are  employed,  is  identical  with  that  of  the  cantilever  type.     However,  the 


y^  no/ more 


Fig.  43/.    Reinforcement  of  Face-wall  of  Counterforted  Retaining  Wall. 

moment  from  this  toe,  instead  of  being  resisted  by  the  face-wall  as  in 
that  form,  is  taken  up  by  the  base-slab  back  of  the  face-wall;  so  that 
in  this  case  the  reinforcement  of  the  toe  must  be  carried  back  into  the 
rear  portion  of  the  said  base-slab,  none  of  it  being  bent  up  into  the  face-wall. 

The  design  of  the  base  back  of  the  face-wall  is  somewhat  complicated. 
A  panel  of  this  base  is  evidently  a  slab  supported  along  three  edges  by 
the  face-wall  and  the  two  counterforts,  being  continuous  over  the  said 
counterforts  (except  at  expansion  points,  where  it  is  continuous  with  a 
fairly  stiff  counterfort)  and  practically  simply  supported  at  the  face-wall. 
In  some  cases  a  girder  is  placed  along  the  back,  as  indicated  by  the  dotted 
Unes  in  Fig.  43e;  and  this  furnishes  a  support  along  the  fourth  side  of 
the  slab,  which  support,  however,  is  likely  to  be  somewhat  flexible  as 
compared  with  the  face-wall  and  the  counterforts.  The  external  loads 
and  moment  on  this  slab  are  as  follows: 

First.  A  uniform  downward  pressure  over  the  entire  area,  due  to 
the  weight  of  the  slab  and  the  earth  above  it. 

Second.  An  upward  pressure  from  the  foundation,  usually  varying 
from  about  zero  at  the  back  to  a  value  approximately  equal  to 
the  unit  pressure  from  above  at  the  face-wall. 

Third.     A  moment  from  the  front  toe. 
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Tlieso  tjiroo  loadings  arc  indicated  in  the  sketch  at  the  toi>  of  Fig.  43gr. 
The  resultant  of  the  first  and  second  loads  is  a  downward  load  vary- 
ing uniformly  from  a  maximum  at  the  back  to  about  zero  at  the  face- 
wall,  as  shown  by  the  triangle  in  the  centre  sketch  of  Fig.  43f/.  If  there 
is  no  rear  girder,  practically  the  entire  amount  is  carried  by  the  longi- 
tudinal reinforcement  directly  to  the  counter- 
forts, thus  producing  stresses  in  the  longitu- 
dinal reinforcement  and  reactions  on  the 
counterforts  varying  from  a  maximum  at  the 
back  to  about  zero  at  the  face-wall.  If  there 
is  a  rear  girder,  a  considerable  portion — usu- 
ally about  one-third — 'Of  this  loading  is  car- 
ried by  the  transverse  reinforcement  to  the 
rear  girder  and  the  face-wall,  and  the  re- 
mainder is  taken  to  the  counterforts  as  be- 
fore. The  loads  on  the  longitudinal  re- 
inforcement and  the  reactions  on  the 
counterforts  in  this  case  will  then  vary  about 
as  shown  in  the  bottom  sketch  of  Fig.  43g. 
The  moment  from  the  front  toe  tends  to 
bend  the  rear  slab  downward,  as  indicated 
by  the  heavy  dotted  line  in  the  top  part  of 
Fig.  43gr,  and  therefore  puts  downward  loads 
on  the  longitudinal  reinforcement,  which 
loads  will  be  roughly  proportional  to  the  dis- 
tances of  the  dotted  line  below  the  fuD  one. 
A  careful  study  of  the  deformations  of  the 
slab  indicates  that  the  deflection  below  the 
straight  line  reduces  to  practically  zero  at  a 
distance  from  the  back  of  the  face-wall  equal 
to  about  six-tenths  (0.6)  of  the  spacing  of 
the  counterforts.  We  may,  therefore,  assume 
the  loads  on  the  longitudinal  reinforcement  and  the  reactions  on  the 
counterforts  from  this  cause  to  vary  in  accordance  with  the  ordinates 
of  a  parabola,  as  showTi  m  the  two  lower  sketches  in  Fig.  43g,  the  centre 
of  gravity  of  the  parabolic  area  being  located  at  a  distance  from  the  back 
of  the  face-wall  equal  to  three-tenths  (0.3)  of  the  counterfort  spacing. 
The  maximum  ordinate  to  this  paraboUc  area  will  usually  be  found  to  be 
considerably^  greater  than  the  maximum  pressure  due  to  the  first  and 
second  loadings,  and  will,  consequently,  determine  the  thickness  of  the 
base-slab.  Evidently,  therefore,  the  use  of  the  rear  girder  will  not  ordi- 
narily permit  any  material  reduction  in  thickness  of  the  base-slab. 

The  sketches  in  Fig.  43g  were  drawn  on  the  assumptions  that  the 
length  of  the  front  toe  is  about  one-third  of  the  total  width  of  the  base, 
and  that  the  distance  from  the  face-wall  to  the  back  of  the  base  is  about 


Fig.  43(/.     Loads  on  Base  Slab  of 
Counterforted  Retaining  Wall. 
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equal  to  the  counterfort  spacing.  For  other  proportions  the  load  dia- 
grams will  change  more  or  less,  but  the  method  of  analysis  still  apphes; 
and  the  centre  of  gravity  of  the  parabolic  area  will  continue  to  be  about 
three-tenths  (0.3)  of  the  counterfort  spacing  back  of  the  face-wall.  With 
a  small  toe  projection  the  intensity  of  the  parabolic  loading  will  decrease, 
and  will  no  longer  determine  the  required  thickness  of  the  base-slab.  In 
that  case  the  use  of  the  rear  girder  will  be  economical. 

The  designing  of  the  longitudinal  reinforcement  of  the  base-slab  is 
simple,  after  the  loads  are  known.  As  in  the  case  of  the  face-wall,  the 
moment  at  each  counterfort  and  in  the  centre  of  each  span  is  to  be  con- 


FiG.  43/i.     Loads  on  Counterfort  of  Counterforted  Retaining  W^all. 

sidered  as  equal  to  -r^.    Bent-up  bars  should  rarely  be  employed,  it  being 

preferable  to  use  full  length  ones  in  the  bottom  and  short  ones  in  the 
top  at  each  counterfort.  The  section  should  be  made  so  thick  that  shear 
reinforcement  will  not  be  needed. 

The  counterfort  is  essentially  a  triangular  beam,  loaded  along  the  front 
edge  with  the  horizontal  earth  loads  from  the  face-wall,  and  along  the 
bottom  with  the  reactions  from  the  base-slab.  For  walls  of  ordinary 
proportions  in  which  the  rear  girder  is  not  used,  these  loads  will  be  about 
as  indicated  in  the  left-hand  diagram  in  Fig.  43/i.  To  balance  the  hori- 
zontal earth  load,  there  will  be  a  horizontal  shear  of  equal  amount  between 
the  counterfort  and  the  base-slab ;  and  there  must  also  be  a  shear  between 
the  face-waU  and  the  counterfort  to  balance  the  load  from  the  slab  be- 
neath.    If  a  rear  girdcT  is  employed,  the  loads  will  take  the  form  indi- 
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rated  in  the  right-liaiul  skotcli  in  Fig.  43/?.  The  total  vertical  load  on  the 
counterfort  will  be  somewhat  less  tlian  in  the  first  case,  since  a  portion 
of  tliis  load  is  taken  directly  to  the  front  wall.  If  in  any  case  the  front 
toe  projection  is  made  less  than  one-third  of  the  width  of  the  base,  the 
parabolic  area  will  be  reduced,  as  has  been  previously  stated. 

The  usual  method  of  reinforcing  a  counterfort  is  to  place  a  sufficient 
amount  of  steel  along  the  back  edge  to  carry  the  moment  produced  on  any 
horizontal  section  by  the  horizontal  forces  from  the  face-wall  above  the 
section.  The  stress  in  these  bars  is  found  by  dividing  the  moment  by  the 
distance  from  the  centre  of  the  face-wall  to  the  steel,  measured  normal  to 
the  said  steel.  Enough  horizontal  steel,  well  bonded  to  the  face-wall,  is 
then  added  to  take  care  of  the  horizontal  loads  from  the  said  face- wall; 
and  it  is  carried  back  and  looped  around  the  main  reinforcing  rods.  A 
sufficient  amount  of  vertical  steel  is  also  used  to  take  care  of  the  load 
from  the  base-slab.  This  reinforcement  should  be  well  bonded  to  the 
latter;  and  it  must  be  carried  up  until  the  stresses  can  be  transferred  to 
the  main  rods  in  the  back  through  shear  in  the  concrete. 

This  style  of  reinforcement  is  the  best  possible  for  a  wall  with  a  short 
toe  projection  and  a  girder  along  the  back  of  the  slab,  as  shown  in  Fig.  43i; 
for  in  this  case  the  larger  part  of  the  footing  load  is  delivered  directly  to 
the  main  bars  by  the  rear  girder,  and  the  vertical  bars  have  little  stress 


Fig.  4Si.  Fig.  43^.  Fig.  43fc.  Fig.  431. 

Arrangements  of  Reinforcement  for  Counterforts  of  Counterforted  Retaining  Wall. 

to  carry.  It  also  serves  well  for  a  wall  with  a  short  toe  projection  and 
no  rear  girder,  as  in  Fig.  43j;  but  in  this  case  the  main  bars  should  be 
spread  at  the  back,  as  the  heavy  loads  from  the  slab  will  occur  over  a 
considerable  width.  For  a  wall  with  a  long  front  toe,  this  form  of  rein- 
forcement is  not  so  well  adapted,  as  the  greater  portion  of  the  load  from 
the  footing-slab  is  no  longer  delivered  to  the  counterfort  near  the  back, 
and  there  is  really  no  need  for  very  heavy  reinforcement  at  this  point. 
It  can  still  be  used,  however,  with  a  small  loss  in  economy.     The  vertical 
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reinforcement  will  have  to  be  quite  heavy,  especially  near  the  front;  and 
the  bars  will  have  to  extend  up  for  a  considerable  distance  before  their 
stresses  can  be  delivered  to  the  main  reinforcement  without  overstressing 
the  concrete  in  shear.  It  is  better  adapted  to  the  wall  with  a  rear  girder 
than  to  one  without  such  a  girder.  In  either  form  it  will  be  unnecessary 
to  assume  that  the  main  bars  resist  the  entire  bending  moment  near  the 
))ottom  of  the  counterfort,  as  the  vertical  steel  will  take  care  of  a  large 
proportion  of  it. 

A  type  of  reinforcement  that  is  somewhat  better  adapted  to  take  up 
the  loads  shown  in  Fig.  43/i  is  indicated  in  Figs.  43A;  and  43Z.  It  will  be 
found  that  the  bars,  when  placed  parallel  to  the  back  of  the  counterfort, 
will  be  at  about  the  proper  inclination  to  take  care  of  both  the  tensile 
and  the  shearing  stresses  on  its  front  and  bottom  edges.  A  small  amount 
of  horizontal  reinforcement  should  be  used  as  indicated,  to  take  care  of 
the  possibility  that  at  some  point  the  shearing  stress  may  happen  to 
be  low,  under  which  condition  the  inclined  bars  would  be  ill-adapted  for 
carrying  the  horizontal  loads;  and  in  the  upper  portion  it  Avill  be  best  to 
design  the  steel  along  the  back  on  the  assumption  that  true  beam-action 
exists,  as  this  is  quite  certain  to  occur.  The  amount  of  extra  steel  required 
for  these  two  reasons  will  be  small. 

At  expansion  joints  a  double  counterfort  must  be  employed,  as  shown 
in  Fig.  43/.  These  two  counterforts  need  not  be  as  thick  as  those  used 
at  intermediate  points,  and  they  should  be  keyed  together  as  indicated. 

Counterforts  should  be  spaced  a  distance  apart,  measuring  from  centre 
to  centre,  equal  to  0.66  V  h?,  but  in  no  case  less  than  seven  feet,  and  the 
thickness  of  the  intermediate  counterforts  should,  preferably,  be  made 
about  one-twentieth  of  the  height  of  the  wall. 

Fig.  56r  shows  the  quantities  for  reinforced  walls.  The  curves  of 
quantities  of  concrete  and  metal  and  those  of  toe  pressures  are  based 
on  economical  sections,  as  just  described.  When  the  supporting  power 
of  the  foundation  is  less  than  that  given  by  the  toe  pressure  curve,  the 
auxiliary  curve  showing  the  relation  between  the  ratios  of  toe  pressures 
and  of  quantities  can  be  used  to  determine  whether  it  is  more  economical 
to  reduce  the  toe  pressure  by  extending  the  base  or  to  employ  piles,  the 
spacing  thereof  being  about  three  feet  centres.  In  this  comiection  the 
increased  amount  of  excavation  for  the  wider  base  must  be  taken  into 
consideration. 

Fig.  56s  gives  similar  information  for  plain  concrete  retaining  walls. 

When  piles  are  employed  for  retaining  walls  or  abutments,  they  are 
not  necessarily  arranged  uniformly  over  the  whole  base  as  is  done  for 
piers;  but  they  should  be  placed  where  they  will  resist  the  loads  most 
advantageously.  In  the  case  of  retaining  walls  this  means  that  the  ma- 
jority of  the  piles  will  be  located  near  the  front  toe,  although  additional 
piles  may  be  needed  near  the  centre  and  sometimes  at  the  rear  of  the 
base.     In  abutments  the  arrangement  may  vary  from  that  just  mentioned 
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to  a  uniform  distribution  over  the  whole  base,  depending  on  the  location 
of  the  centre  of  pressure.  For  reinforced-concretc  retaining  walls  and 
abutments  the  base-slab  proper  should  be  built  on  top  of  a  plain  con- 
crete ])ase  from  twelve  to  fifteen  inches  thick  encasing  a  corresponding 
length  of  the  piles.  The  loads  on  the  piles  can  be  determined  by  means 
of  Equation  20  given  on  page  300  and  developed  for  rivet  groups  with 
b(Miding  and  direct  stresses.  The  moment  and  load  used  in  this  equation 
must  be  taken  equal  to  the  total  overturning  moment  and  total  load 
divided  by  the  number  of  rows  of  piles  parallel  to  the  axis  of  rotation. 

For  small  openings  in  embankments  culverts  are  used.  These  may  be 
of  iron  pipe  or  reinforced-concrete  pipe  for  waterways  only  a  few  square 
feet  in  area;  but  for  larger  ones  a  box  or  an  arch  culvert  is  employed. 
For  determining  the  necessary  area  of  opening  to  pass  the  flood  water 
see  Chapter  XLIX.  Pipe  culverts  should  be  laid  on  a  slope  to  increase 
their  discharge  capacity.  The  head  of  the  pipe  should  be  well  above  the 
bed  of  the  stream  while  the  foot  should  be  flush  with  it  or  a  trifle  below 
in  order  to  avoid  a  sudden  drop  and  scorn.  A  concrete  portal  is  an  ad- 
vantage, as  it  prevents  the  water  from  working  around  the  outside  of  the 
pipe  and  washing  out  cavities  that  would  endanger  the  embankment  above. 
Box  or  arch  culverts  should  be  provided  with  wing  walls;  and  in  case  the 
bed  of  the  stream  is  subject  to  scour,  a  concrete  pavement  should  be  put 
in  so  as  to  prevent  undermining  of  the  head  walls.  Spandrel  walls  should 
be  thoroughly  anchored  to  the  arch  barrel  or  roof  of  the  culvert;  and 
they  should  have  sufficient  stability  to  resist  the  thrust  from  the  sur- 
charged earth  fill  with,  its  superimposed  live  load  In  some  cases  this 
thrust  may  be  sufficient  to  require  longitudinal  reinforcing  in  order  to 
resist  the  tension  set  up  in  the  arch  barrel.  Standard  raih-oad  culvert 
plans,  A\4th  an  elaborate  set  of  tables  showing  dimensions  and  quantities, 
are  to  be  found  in  Vol.  10,  Fart  II,  of  the  Proceedings  of  the  American 
Railwa}^  Engineering  Association. 

In  the  mixing  and  placing  of  concrete  for  structures  of  various  kinds, 
the  follo^ving  practical  points  should  be  observed  in  order  to  secure  the 
best  results: 

Wet  concrete  is  preferable  to  dry,  and  where  unskilled  labor  is  employed 
it  is  safer. 

Tramping  or  treading  is  better  than  tamping. 

A  mixture  of  broken  stone  and  gravel  is  preferable  to  stone  alone. 

A  mixture  of  coarse  and  fine  sand  is  preferable  to  either  alone. 

Mud  in  any  form  is  injurious. 

Smooth  stone  is  inferior  to  rough. 

Stone  dust  is  not  detrimental,  but,  on  the  contrary,  is  preferable  to 
sand. 

Sometimes  clay  in  fine  particles  up  to  ten  per  cent  of  the  total  aggre- 
gate is  not  injurious;  but  the  author,  as  a  matter  of  precaution,  prefers 
to  keep  it  out  altogether. 
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Dry  mixtures  of  broken  stone  concrete  cannot  be  compacted  properly, 
owing  to  the  arching  effect  they  develop.  The  best  result  is  obtained  by 
depositing  the  concrete  in  layers  six  to  ten  inches  in  thickness. 

Prolonged  mixing  increases  materially  the  strength  of  concrete. 

The  best  mixture  for  reinforced  concrete  in  arches  and  small  work  is 
one  part  of  Portland  cement,  two  parts  of  sand,  and  four  parts  of  broken 
stone.  For  concrete  in  large  masses  these  proportions  should  be  changed  to 
one,  three,  and  five. 

Retempering  of  mortar  is  generally  injurious,  although  some  experi- 
ments seem  to  indicate  the  contrary.     It  is  better  not  to  permit  it. 

For  connecting  layers  of  concrete  there  should  be  used  a  wash  composed 
of  one  part  of  cement  to  one  part  of  sand. 

In  the  facing  of  concrete  piers,  mortar  mixed  in  the  proportion  of  one 
part  of  cement  to  two  parts  of  sand  should  be  employed. 

Plastering  rough  faces  is  very  unsatisfactory,  as  the  mortar  will  not 
adhere  properly  to  the  concrete.  It  has  been  done  successfully  at  times, 
but  usually  it  is  a  failure.  When  attempting  this,  the  places  to  be  patched 
should  be  thoroughly  wet,  completely  saturating  the  concrete  if  possible. 

In  regard  to  freezing,  it  has  been  shown  that  Portland  cement  mor- 
tars, as  a  rule,  suffer  no  surface  disintegration  therefrom,  but  the  strength 
is  generally  injured  somewhat — sometimes  as  much  as  twenty-five  per 
cent,  or  even  more.  It  does  not  injure  concrete,  however,  more  than 
five,  or  at  the  very  most,  ten  per  cent.  Freezing  after  setting  does  very 
little  harm,  but  freezing  before  setting  injures  the  concrete  to  a  certain 
extent .  Alternate  freezing  and  thawing  of  unset  concrete  are  far  worse  than 
freezing  and  remaining  frozen  until  the  final  thaw-out.  Portland  cement 
concrete,  if  frozen  before  the  hard  set  is  acquired,  will  disintegrate  when 
exposed  to  water  and  ice.  It  is  better  to  use  a  comparatively  quick  setting 
cement,  if  the  concrete  is  liable  to  be  frozen. 

Salt  added  to  the  water  lessens  the  bad  effect  of  freezing.  Some  ex- 
periments have  shown  that  the  addition  of  salt  improves  the  strength — 
others  that  it  injures  the  mortar  slightly.  The  percentage  of  salt,  mea- 
sured by  weight,  to  be  added  to  the  water  varies  from  five  to  ten. 

The  use  of  hot  water  in  mixing  mortar  and  concrete  does  not  tend  to 
improve  the  quality,  especially  if  the  cement  is  fresh;  nevertheless,  in 
very  cold  weather,  it  is  often  a  wise  precaution  to  employ  it,  notwith- 
standing the  fact  that  the  strength  is  sometimes  materially  diminished. 

Sea  water  is  not  good  for  mixing  concrete,  hence  it  is  safer  not  to 
employ  it. 

For  the  results  of  some  unportant  tests  on  the  effect  of  adopting  im- 
pure sand  in  cement  mortar,  see  Engineering  News,  Vol.  LIII,  page  127. 

The  washing  of  sand  is  generally  undesirable,  as  the  finer  portions  are 
removed  and  voids  are  left. 

The  best  sand  is  that  composed  of  grains  of  assorted  sizes  such  that 
the  percentage  of  voids  is  reduced  to  a  minimum.     Clay,  if  thoroughly 
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distrilnitod  throupihout  the  sand,  is  boiicficial  up  to  tvvolvo  per  cent 
adulteration;  but  clay  in  lumps  is  always  injurious. 

An  excessive  tamping  of  the  concrete  above  a  joint  will  add  greatly 
to  the  value  of  tlu>  bond. 

Concrete  placed  in  sea  water  should  not  be  porous,  but  should  be  a 
dense,  rich  mixture,  in  order  to  prevent  infiltration.  Good  proportions 
for  such  concrete  are  one,  two,  and  three. 

SPECIFICATIONS  FOR  PIERS 
Design 

Loads 

All  piers  shall  be  designed  so  as  to  be  stable  against  overturning,  slid- 
ing, or  crushing  under  the  following  system  of  forces: 

Vertical  Loads. 

1.  Dead  and  Uve  loads  on  shoes. 

2,  Weight  of  pier  reduced  for  buoyancy. 

Vertical  Reactions. 

1.  Allowable  bearing  on  foundation  (see  Chapter  XXXVIII). 

2.  Skin  friction  of  soil  taken  at  600  pounds  per  square  foot. 

Horizontal  Loads  (Parallel  to  bridge  tangent). 

1.  Thrust  from  wind  load  on  empty  bridge. 

2.  Thrust  from  heaviest  braked  train. 

3.  Thrust  from  wind  load  with  lightest  live  load  on  spans. 

4.  Combined  thrust  from  lightest  possible  braked  train  and  a 
wind  pressure  on  train  and  structure  equal  to  one-half  of  that 
specified. 

5.  Wind  pressure  on  shaft  of  pier  above  water  line. 

Horizontal  Loads  {Per-pendicular  to  bridge  tangent). 

1.  Thrust  from  wind  on  empty  bridge. 

2.  Thrust  from  wind  with  lightest  live  load  on  spans. 

3.  Thrust  from  wind  on  end  of  pier. 

4.  Pressure  of  water  against  end  of  pier. 
.5.  Pressure  of  ice  against  end  of  pier. 

Horizontal  Reactions. 

1.  Resistance  of  pier  to  sliding  on  base. 

2.  Passive  thrust  or  resistance  of  material  penetrated. 

To  determine  the  pressure  of  water  against  the  end  of  a  pier  the  fol- 
lowing formulae  may  be  used: 
For  square  piers, 

P  =  1.24  A  72;  [Eq.  20] 

For  circular  piers, 

P  =  0.62  A  72;  [Eq.  21] 
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For  piers  five  or  six  times  as  long  as  broad,  with  cutwaters  the  faces 
of  which  make  an  angle  of  30°, 

P  =  0.46  A  V;  [Eq.  22] 

For  piers  three  times  as  long  as  broad,  with  flat  ends, 

P  =  1.29^  72;  [Eq.  23] 

where  P  =  total  pressure  in  pounds  on  end  of  pier, 

A  =  area  in  square  feet  of  vertical  projection  of  pier-end  exposed 
to  the  current, 
and     V  =  velocity  of  current  in  feet  per  second. 

To  determine  the  pressure  of  ice  on  the  end  of  the  pier,  assume  that 
the  crushing  strength  of  the  moving  ice  is  to  be  overcome.  This  strength 
varies  from  400  to  800  pounds  per  square  inch. 

The  passive  thrust  or  resistance  to  horizontal  displacement  of  the 
material  in  which  the  pier  is  embedded  may  be  approximated  by  Rankine's 
formula, 


„       wh^       1  +  sin  (/) 

P  = V  — ■ -• 

2    ^  1  -  sin  <!>' 


[Eq.  24] 


where  Pg 

w 
h 
4> 


and 


=  total  resistance, 

=  weight  of  a  cubic  foot  of  material, 

=  depth  of  embedment  of  pier, 

=  angle  of  repose  of  material,  due  allowance  being  made  for 
its  saturated  condition. 
This  formula  gives  better  approximations  for  granular  material,  such  as 
sand  or  gravsl,  than  for  other  substances. 

In  case  the  pier  is  founded  on  piles,  the  heads  of  which  project  into  the 
concrete  base,  the  shearing  resistance  of  the  piles  should  be  considered 
as  opposing  any  horizontal  motion  of  the  pier,  in  addition  to  the  resistance 
of  the  embedding  material. 

Unit  Stresses 

The  allowable  intensities  of  working  stresses  (no  impact  allowance 
being  included)  for  the  higher-grade  timbers,  such  as  Long-leaf  Yellow 
Pine,  Douglas  Fir,  Pacific  Coast  Cedar,  Western  Hemlock,  and  White 
Oak,  shall  be  as  follows: 

Tension 1,200  lbs.  per  square  inch 

Bending  on  extreme  fibre 1,200  "  " 

Shear  with  the  grain 170  "  " 

Longitudinal  shear  in  beams 110  "  " 

Shear  across  the  grain 1,000  "  " 

Compression  with  the  grain 1,200  "  " 

Compression  across  grain 

For  oak 450  "  " 
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For  other  timbers 250  lbs.  per  square  inch 

Compression  on  cohimns 

Under  15  diameters 900    "      " 

I 
Over  15  diameters 1,200-20-     "      "        "         " 

where  I  =  length  in  inches, 

and  d  —  least  dimension  in  incnes. 

For  the  lower-grade  woods,  such  as  the  Soft  Pines,  Spruce,  Tamarack, 

and  Redwood,  the  follo\Aang  stresses  shall  be  used: 

Tension 900  lbs.  per  square  men 

Bending  on  extreme  fibre 900  "  "  "  " 

Shear  with  the  grain 100  ''  "  "  " 

Longitudinal  shear  in  beams 70  "  "  "  " 

Shear  across  the  grain 700  "  "  "  " 

Compression  with  the  grain 900  "  "  "  " 

Compression  across  the  grain 150  "  "  "  " 

Compression  on  columns 

Under  15  diameters 680  "  "  "  " 

Over  15  diameters 900-  15  -     "     "        "         " 

a 

where  I  and  d  have  the  same  values  as  before. 

In  applying  the  above  unit  stresses,  the  actual  not  the  nominal,  dimen- 
sions of  the  timber  are  to  be  used. 

The  permissible  intensities  for  the  various  grades  of  steel  shall  be 
as  given  in  the  specifications  in  Chapter  LXXVIII. 

The  permissible  load  on  a  pile  shall  be  taken  at  from  twenty  (20)  to 
thirty  (30)  tons,  although  in  extreme  cases  where  the  piles  are  very  long, 
sa}^  from  eighty  (80)  to  one  hundred  (100)  feet,  and  driven  into  firm  ma- 
terial, this  load  may  be  increased  to  forty  (40)  tons.  Where  the  piles 
are  in  a  very  soft  foundation,  the  load  per  pile  may  have  to  be  reduced 
to  fifteen  (15)  tons  or  even  to  ten  (10)  tons.  In  any  case  the  judgment 
of  an  experienced  engineer  should  decide  a  matter  of  so  much  importance 
as  that  of  pile-loadings. 

WTien  wind  loads  are  combined  with  direct  loads,  the  above  loads  per 
pile  shall  be  properly  increased,  the  excess  allowance  depending  on  the 
relative  size,  importance,  and  probability  of  the  two  loadings,  the  ordi- 
nary excess  for  a  combination  of  wind  loads  with  direct  loads  being  thirty 
(30)  per  cent  of  the  allowance  for  direct  loads  alone. 

Details  of  Design  and  Proportioning  of  Parts 

Concrete  and  Masonry  Piers 

General 

The  construction  of  the  crib  and  caisson  of  a  pier  depends  upon  the 

method  of  sinking  adopted.     Typical  details  are  fully  illustrated  in  Chap- 
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ter  XL  on  the  "Open-Dredging    Process"  and  in  Chapter  XLI  on  the 
"Pneumatic  Process." 

Timber  and  Sheathing 

The  timbers  in  caissons  should  not  be  less  than  12"  X  12",  except 
where  the  construction  demands  otherwise;  and  this  section  is  to  be 
preferred  to  larger  sizes. 

For  cribs  and  for  the  wells  of  deep  open-dredging  piers  down  to  a 
depth  of  40  feet  below  the  ordinary  water  level,  10"  X  12"  timbers  on 
edge  are  to  be  used;  while  below  this  elevation  they  should  be  increased 
to  12"  X  12". 

All  caisson  and  crib  timbers  should  be  made  of  full  length,  if  possible; 
but  when  this  cannot  be  done,  they  must  be  of  the  maximum  lengths 
obtainable,  and  their  splices  must  be  so  arranged  in  the  different  courses 
that  not  more  than  fifty  (50)  per  cent  of  the  timbers  are  cut  in  one  ver- 
tical plane.     The  splice  should,  preferably,  be  made  at  a  bracing  point. 

The  walls  and  roof  of  the  working  chamber  of  any  pneumatic  caisson 
should  always  be  covered  with  3"  sheathing,  while  2"  stuff  will  suffice 
for  lining  the  wells  of  open-dredging  piers.  The  outside  sheathing  for 
both  pneumatic  and  open-dredging  piers  should  be  of  2"  material  for 
depths  less  than  thirty  (30)  feet  and  of  3"  for  depths  greater  than  this, 
the  boards  being  placed  vertically.  They  should  be  full  length,  or  else 
should  break  joints  at  least  four  (4)  feet,  not  over  one-half  of  the  sheath- 
ing being  cut  at  the  same  elevation. 

All  timber  and  sheathing  shall  be  surfaced  on  four  sides;  and  it  shall 
be  dressed  for  caulking,  where  required. 

All  timber  shall  be  framed  in  a  substantial  manner,  so  as  to  give  the 
greatest  strength  possible.  Details  of  such  framing  are  shown  in  the 
illustrations  given  in  Chapters  XL  and  XLI. 

Size  of  Caisson  and  Crib 

On  account  of  the  difficulty  in  sinking  a  pier  to  exact  position,  the 
base  should  project  all  around  from  two  (2)  to  three  (3)  feet  beyond  the 
sides  of  the  shaft.  For  concrete  piers  there  should  be  a  clear  space  of 
at  least  eighteen  (18)  mches  between  the  shaft  and  the  cofferdam  for 
placing  the  forms. 

Roof  of  Working  Chamber 

The  thickness  of  the  roof  of  the  working  chamber  for  pneumatic 
caissons  shall  conform  to  Table  43a. 

For  a  width  of  pier  exceeding  25  feet,  it  is  preferable  to  use  a  centre 
longitudinal  cutting  edge  to  give  support  to  the  roof;  and  for  widths  over 
30  feet,  it  is  absolutely  necessary  to  do  so.  For  widths  in  excess  of  25 
feet,  the  strength  of  the  roof  should  be  tested;  but  it  is  better  not  to 
employ  more  than  five  courses  of  timber,  in  order  to  avoid  an  excessive 
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settlement  of  the  pier  due  to  the  compression  of  the  wood  in  the  roof. 
A  material  increase  in  strength  ami  effectiveness  \vill  be  gained  by  deposit- 
ing a  five-foot  hiyer  of  concrete  on  top  of  the  timber  roof  and  letting  this 
set  for  at  least  five  days  before  starting  to  sink  the  caisson. 


TABLE  43a 
Thickness  of  Roof  of  Working  Chamber  for  Pneumatic  Caissons 


Width  of  Base 

Height  of  Base 
Cutting  Edge  to  Shaft 

Courses  of  12"  x  12"  Timbers 
in  Roof  of  Working  Chamber 

15'  or  under 

it 

40'  or  less 

Over  40' 

1  transverse,  1  longitudinaL 

2  "           1 

15' to  20' 

Under  30' 

1           "           1             " 

<< 

30' to  60' 

2           "           1             " 

It 

Over  60' 

3           "           2             " 

20'  to  25' 

Under  20' 

1           "           1             " 

a 

20' to  40' 

2           "           1             " 

11 

Over  40' 

3           "           2             " 

25' to  30' 

Under  30' 

2           "           1             " 

Over  30' 

3           "           2 

Bracing  for  Cribs  and  Caissons 

In  the  caissons  for  open-dredging  piers  no  special  bracing  is  required; 
however,  in  those  for  pneumatic  piers  it  is  necessary  to  support  the  side 
walls  at  intervals  of  not  more  than  fifteen  (15)  feet.  This  bracing  shall 
consist  of  struts  near  the  top  and  bottom  of  the  working  chamber  framed 
into  vertical  12"  X  12"  timbers  bearing  against  the  horizontal  12"  X  12" 
wall  timbers,  as  shown  in  Fig.  416.  A  one  and  a  half  (13^^)  inch  rod  shall 
be  placed  on  each  side  of  the  bottom  strut,  and  shall  extend  through  the 
walls  of  the  caisson.  The  bottom  struts  and  the  tie  rods  shall  be  placed 
a  sufficient  height  above  the  cutting  edge  to  permit  excavating  under- 
neath them. 

Bracing  for  cribs  of  open-dredging  piers  shall  be  prox'ided  by  extend- 
ing ever}^  third  horizontal  well-timber  both  longitudinally  and  trans- 
versely to  the  outer  walls  and  connecting  it  thereto  by  a  half  and  half 
dap  and  a  drift  bolt.  In  pneumatic  piers  the  walls  of  the  cribs  shall 
be  braced  at  points  not  more  than  fifteen  (15)  feet  apart  in  both  direc- 
tions, such  bracing  to  consist  of  12"  X  12"  timbers  in  every  third  or 
fourth  wall-course.  The  bracing  in  the  two  directions  shall  be  placed 
in  adjacent  courses  so  that  the  timbers  can  be  bolted  together  where  they 
cross  each  other.  The}^  shall  be  framed  into  the  side-walls  wdth  a  half 
and  half  dap  and  shall  be  drift-bolted  to  them.  When  the  cribs  are 
pumped  out  to  any  considerable  depth,  vertical  waling  timbers,  12"  X  12", 
must  be  used  between  the  ends  of  the  bracing  struts  and  the  wall  timbers. 
The  timbers  should  be  tested  both  in  bending  and  bearing  for  the  maxi- 
mum head  of  water  that  is  likely  to  come  on  them,  so  as  to  prevent  over- 
stress.     At  1,200  pounds  per  square  inch  in  bending,  12"  X  12"  timbers 
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can  resist  a  head  of  16  feet  of  water  on  a  15-foot  span.  The  bearing  of  the 
bracing  struts  on  the  vertical  waling  pieces  generally  needs  the  most  careful 
attention.  The  bracing  for  cribs  of  pile  piers  should  be  similar  to  that 
for  cribs  requiring  to  be  pumped  out,  and  care  must  be  taken  to  see  that 
the  piles  are  so  arranged  as  not  to  interfere  with  the  said  bracing. 

Cutting  Edges 

Where  it  is  certain  that  logs  or  large  boulders  will  not  be  encountered 
in  sinking  a  pier,  timber  cutting  edges  of  hard  wood  will  suffice;  but 
where  there  is  the  least  doubt,  steel  cutting  edges  should  be  used.  The 
latter  should  be  formed  of  6"  X  6''  or  8"  X  8"  angles  of  the  heaviest 
sections  and  %"  or  J^"  side-plates  extending  up  the  vertical  sides  of  the 
chamber  and  thoroughly  bolted  thereto. 

Bolts,  Spikes,  etc. 

Timbers  shall  be  fastened  together  every  three  (3)  feet  with  ]/§"  round 
drift-bolts,  two  (2)  inches  shorter  than  the  total  thickness  of  the  timbers 
fastened  together,  and  driven  into  ^"  round  holes. 

For  the  inner  sheathing  of  pneumatic  caissons,  ^"  X  ^"  X  8"  boat 
spikes  shall  be  used,  two  (2)  per  square  foot  of  sheathing.  For  2" 
sheathing  on  wells  of  open-dredging  piers  and  on  the  outside  of  all  piers, 
%"  X  Vs"  X  6"  spikes  are  required;  and  for  3"  sheathing,  ^"  X  H"  X  8" 
spikes. 

All  adjustable  bolts  shall  be  ]/s"  round,  and  shall  have  3"  diameter 
washers  wherever  they  bear  on  timber. 

Caulking 

For  pneumatic  caissons  all  cracks  inside  of  the  working  chamber  are 
to  be  caulked  with  two  (2)  threads  of  oakum  thoroughly  driven  to  place. 
The  heads  of  all  spikes  are  to  be  wrapped  with  oakum  before  driving,  and 
bolts  are  to  be  similarly  wrapped  under  the  washers. 

For  cribs  all  cracks  between  the  horizontal  timbers  and  also  all  cracks 
in  the  vertical  sheathing  are  to  be  caulked  with  a  single  thread  of  oakum. 
It  is  not  necessary  in  all  cases  for  the  caulking  to  begin  at  the  cutting 
edge,  but  it  should  start  at  least  ten  feet  below  the  probable  surface  of 
concrete  inside  when  the  crib  is  pumped  out,  and  preferably  below  the 
ground  surface. 

Piles  in  Base 

Piles  shall  be  spaced  not  less  than  three  (3)  feet  from  centre  to  centre 
in  both  directions. 

The  elevation  of  cut-off  of  wooden  piles  shall  always  be  below  low 
water.  For  heights  of  base  less  than  ten  (10)  feet,  the  cut-off  should 
be  midway  between  top  and  bottom  of  base,  but  not  less  than  two  (2) 
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feet  below  top  of  base.  For  depths  of  base  greater  than  twelve  (12)  feet, 
the  piles  may  come  to  within  four  (4)  feet  of  top  of  base.  As  pile  cut-offs 
are  paid  for  b}'-  the  lineal  foot,  there  is  always  a  small  saving  in  making 
the  elevation  of  cut-off  as  high  as  possible.  In  detailing  it  is  advisable 
always  to  show  the  tip  of  a  pile  cut  off  square  and  not  pointed,  as  that 
is  the  way  it  will  be  driven. 

Elevation  of  Top  of  Base 

F'or  chamiel  piers  the  top  of  base  should  be  about  two  (2)  feet  below 
extreme  low  water,  and  for  piers  on  land  at  such  a  distance  below  ground 
surface  as  to  ensure  that  the  said  base  will  never  be  exposed  to  view. 
In  order  to  give  a  greater  clear  width  of  channel  between  piers,  the  top 
of  base  will  sometimes  have  to  be  placed  at  a  much  lower  elevation  than 
that  just  mentioned. 

Cofferdams 

Cofferdams  for  building  the  pier  shafts  in  the  dry  shall  be  of  similar 
construction  to  the  cribs.  The  bracing  must  be  so  arranged  that  it  can 
be  readily  removed  as  the  concrete  is  poured.  The  cofferdam  shall  be 
attached  to  the  crib  in  such  a  manner  that  it  can  be  easily  detached  after 
the  pier  is  completed,  at  the  same  time  giving  a  water-tight  joint.  Scabs 
can  be  used  for  this  purpose,  provided  they  can  be  pried  off  without 
trouble  because  of  the  depth  of  water;  otherwise,  removable  rods  attached 
to  the  crib  below  and  to  the  cofferdam  above  must  be  employed. 

Pier  Shafts 

Preference  shall  be  given  to  the  oblong  shaft  with  rounded  ends, 
except  where  an  ice-break  is  needed.  Where  it  is  necessary  to  economize, 
the  same  form  of  pier  should  be  adopted,  but  a  well  should  be  left  in  the 
centre,  thus  forming  in  reality  two  shafts  connected  by  side  walls.  Where 
still  greater  economy  is  demanded,  two  circular  shafts  connected  by  a 
central  web  must  be  resorted  to.  The  cheapest  construction  of  all  con- 
sists of  two  separate  shafts,  either  round  or  square,  not  connected  in 
any  manner;  and  it  should  be  employed  only  in  extreme  cases. 

Where  double  shafts  either  with  or  without  webs  are  adopted,  they 
shall  be  spaced  such  a  distance  apart  as  to  give  the  smallest  size  under 
coping.  For  adjacent  spans  having  the  same  distance  from  centre  to 
centre  of  trusses,  the  centre  of  the  pier  shaft  should  lie  in  the  central 
plane  of  truss. 

Batters 

The  shafts  of  piers  shall  have  a  batter  of  one-half  (}/2)  inch  to  the 
foot  on  all  sides,  except  as  specified  under  "Ice  Protection"  or  when  the 
stability  of  the  pier  or  its  appearance  requires  it  to  be  greater. 
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Webs  of  Double-Shaft  Piers  on  Single  Bases 

The  single  web  connecting  the  shafts  of  a  dumb-bell  pier  shall  have 
a  thickness  of  not  less  than  two  (2)  feet  at  the  top  under  coping;  and  at 
the  bottom  this  thickness  shall  be  not  less  than  one-third  {}/^)  of  the 
diameter  of  the  shaft  at  that  elevation.  The  sides  of  the  web  shall  have 
a  batter  equal  to  that  of  the  shafts,  beginning  at  such  a  point  below  the 
top  as  to  give  the  proper  thickness  at  the  bottom. 

The  web  shall  be  reinforced  from  the  top  of  the  pier  to  a  point  at 
least  five  (5)  feet  below  high  water  and  at  least  ten  (10)  feet  below  the 
bottom  of  the  coping.  The  vertical  reinforcement  shall  consist  of  ^" 
round  bars,  spaced  eighteen  (18)  inches  from  centre  to  centre  in  both 
faces;  and  ^"  round  bars  of  a  length  equal  to  the  distance  from  centre 
to  centre  of  shafts  shall  be  placed  horizontally  in  both  faces  twelve  (12) 
inches  apart  on  centres. 

Walls  of  Double-Shaft  Piers  on  Single  Bases 

The  walls  of  double-shaft  piers  shall  not  be  less  than  eighteen  (18) 
inches  thick  for  their  full  height.  These  walls  shall  be  reinforced  verti- 
cally in  both  faces  with  3/"  round  bars  spaced  eighteen  (18)  inches  on 
centres  and  projected  into  both  the  coping  and  the  base.  Horizontal 
bars  ^"  in  diameter  shall  also  be  placed  twelve  (12)  inches  on  centres  in 
both  faces  of  each  wall  and  extended  to  the  centre  of  each  shaft. 

Coping 

The  coping  shall  be  not  less  than  two  (2)  feet  thick,  and  shall  project 
six  (6)  inches  or  more  beyond  the  shaft  at  the  top.  When  there  is  a  centre 
v/ell  in  the  shaft,  the  coping  is  to  cover  the  opening;  and  it  shall  be  re- 
inforced in  both  directions  with  ^"  round  bars  twelve  (12)  inches  on 
centres  placed  two  (2)  inches  from  bottom  of  coping.  If  the  slab  carries 
any  superimposed  load,  it  must  be  figured  and  properly  reinforced  for 
such  load.  For  double  shafts  with  central  web,  the  coping  shall  have  a 
constant  width  between  shaft  centres,  and  shall  be  reinforced  as  above, 
the  reinforcement  being  placed  two  (2)  inches  below  the  top  of  the  coping. 
The  reinforcement  shall  be  so  arranged  that  it  wU  not  interfere  with  the 
anchor  bolts. 

The  top  of  the  coping  for  ordinary  piers  is  to  be  finished  %"  low, 
in  order  to  allow  for  grouting  under  the  shoes  when  no  grillages  are  used; 
but  when  the  latter  are  needed,  they  shall  be  set  to  correct  elevation, 
and  the  top  of  the  pier  shall  be  finished  flush  with  them.  In  both  cases 
the  2-foot  thickness  of  coping  shall  be  measured  from  the  under  side 
of  coping  to  the  underside  of  shoe. 

The  top  of  the  coping  for  pivot  piers  is  to  be  leveled  off  with  neat 
Portland  cement  mortar,  and  the  lower  track  set  in  same.  It  shall  be 
made  one  and  one-half  (13^)  or  two  (2)  inches  higher  in  the  centre  than 
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at  the  odgo,  so  that  the  wntov  will  drain  toward  the  lattor.  A  small  gutter 
or  depression  in  tlie  top  of  the  pier  is  to  be  made  just  inside  of  the  lower 
track ;  and  at  the  bottom  of  this  depression  drain-  holes  are  to  be  put  in, 
l(>a(linS  the  water  from  the  gutter  do\vn  on  the  outside  of  the  pier.  These 
drain  holes  arc  to  be  at  least  two  (2)  inches  in  diameter;  and  their  tops 
are  to  be  protected  with  screens,  so  as  to  prevent  choking.  They  shall 
be  spaced  not  to  exceed  ten  (10)  feet  between  centres. 

Grillages  and  Anchor  Bolts 

Grillages  shall  be  used  whenever  the  pressure  on  the  masonry  would 
become  excessive,  unless  the  shoe  were  spread  unduly.  They  shall  consist 
of  rolled  or  built-up  beams,  generally  placed  parallel  to  the  length  of  the 
pier  and  arranged  so  as  to  give  a  clear  space  of  at  least  four  (4)  inches 
between  the  adjacent  flanges  and  so  as  to  permit  the  placing  of  the  anchor 
bolts.  For  grillages  of  moderate  length  the  beams  shall  be  cormected  at 
their  ends  by  diaphragms,  each  consisting  of  a  short  piece  of  rolled  charmel 
and  two  angles  turned  out;  for  greater  lengths,  intermediate  diaphragms 
shall  be  added  to  tie  the  beams  together  during  fabrication.  The  top  of 
the  grillage  shall  be  planed  to  receive  the  shoe. 

The  grillage  shall  be  assumed  to  distribute  the  load  from  the  shoe 
over  an  area  equal  to  the  number  of  beams  multiplied  by  the  distance 
from  centre  to  centre  multiplied  by  the  lengih.  It  shall  be  proportioned 
for  the  moment  occurring  at  the  edge  of  the  shoe  due  to  the  reaction  of 
the  pier  on  the  cantilevered  extension. 

Anchor  bolts  shall  be  proportioned  for  the  forces  acting  on  them. 
They  shall  be  fox-bolts  when  no  calculable  stress  comes  upon  them, 
and  regular  anchor  bolts  with  upset  ends  when  figured  for  actual  uplift. 
Fox-bolts  shall  be  from  ^"  to  13^"  in  diameter  and  from  12"  to  24" 
long,  the  smaller  sizes  being  adopted  for  plate  girder  and  I-beam  spans, 
and  the  larger  ones  for  truss  spans.  Anchor  bolts  proper  must  be  made 
of  sufficient  section  and  have  ample  embedment  to  resist,  with  a  good 
margin  of  safety,  any  stresses  that  may  come  upon  them.  They  shall, 
preferably,  be  set  into  the  masonry  at  the  time  the  concrete  is  poured,  or 
if  necessary,  be  grouted  into  drilled  holes  when  the  superstructure  is  being 
erected.  In  the  former  case  gas-pipe  sleeves  two  (2)  feet  long  and  of  a 
diameter  equal  to  the  diameter  of  the  bolt  plus  two  (2)  inches  shall  be 
placed  in  the  top  of  the  pier  around  the  bolt  so  as  to  permit  of  adjust- 
ment when  the  shoes  are  set. 

Ice  Protection 

Masonry  piers  or  concrete  piers  faced  with  hard,  durable  stone  do 
not  require  any  additional  protection  from  ice  abrasion.  Concrete  piers, 
however,  in  streams  subject  to  heavy  ice  and  swift  current,  shall  bo  prt)- 
tectetl  l)y  steel  plates  partially  or  wholly  encasing  the  pier  sliaft  and 
extending  from  the  top  of  the  base  to  a  sufficient  height  to  affe-rd  ample 
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protection  to  the  concrete.  For  shafts  of  moderate  height  the  plates 
shall  extend  up  to  the  underside  of  the  coping.  Where  it  is  necessary  to 
break  up  the  ice,  the  up-stream  end  of  the  shaft  shall  be  extended  to 
form  an  incUned  edge  between  the  top  of  the  base  and  some  point  above 
the  highest  possible  ice  level. 

The  metal  for  the  ice  protection  shall  be  ^"  thick.  Horizontal 
splices  of  6"  X  SVz"  X  Vs"  angles  with  the  3}4"  outstanding  leg  on 
the  lower  side  shall  be  spaced  about  five  (5)  feet  apart  on  the  inside  and 
riveted  to  the  main  plates  with  one  line  of  rivets  on  each  side  of  the  joint. 

Where  both  ends  of  the  pier  are  rounded,  the  plates  shall  be  spliced 
with  12"  X  ^"  vertical  splice-plates  placed  on  the  inside  at  the  point 
where  the  straight  sides  meet  the  rounded  ends.  Two  lines  of  rivets 
shall  be  used  on  each  side  of  the  joint.  When  necessary,  intermediate 
vertical  splices  of  the  same  design  shall  be  employed.  The  upstream 
edges  of  the  plates  covering  an  ice-break  shall  be  spliced  with  an  8"  X 
8"  X  ^"  angle  on  the  outside  and  an  8"  X  8"  X  3^"  angle  on  the  inside, 
with  two  lines  of  rivets  through  each  leg.  If  the  bend  in  the  angles  is 
excessive,  a  14"  X  M"  plate  on  the  outside  and  a  13"  X  3^"  plate  on 
the  inside  can  be  substituted  for  them.  Where  the  faces  of  the  nose  meet 
the  sides  of  the  shaft,  a  12"  X  M"  plate  is  to  be  placed  on  the  outside 
and  a  12"  X  /^"  plate  on  the  inside  to  form  the  splice.  The  rivets  shall 
be  %"  diameter  spaced  three  (3)  inches  centres.  The  steel  plates  shall 
be  anchored  to  the  concrete  with  button-head  bolts  J/g"  ^^  diameter, 
threaded  full  length  and  having  two  nuts  per  bolt.  They  shall  be  spaced 
eighteen  (18)  inches  centres  in  both  directions. 

Concrete  Proportions 

Concrete  deposited  beneath  the  water,  as  well  as  that  placed  in  the 
coping,  shall  be  mixed  in  the  proportion  of  one  (1)  part  of  cement  to 
two  (2)  parts  of  sand  and  three  (3)  parts  of  broken  stone  that  will  pass 
through  a  ^-inch  iron  ring.  Concrete  in  the  working  chamber  of  pneu- 
matic caissons  shall  be  mixed  in  the  proportion  of  1  :  2  :  4  with  broken 
stone  that  Avill  pass  through  a  1-inch  iron  ring.  All  other  concrete  shall 
be  mixed  in  the  proportion  of  1  :  3  :  5  with  broken  stone  that  will  pass 
through  a  23^-inch  iron  ring  All  concrete  deposited  beneath  the  water 
shall  be  placed  with  a  bottom-dump  bucket  or  through  a  water-tight 
tremie. 

Highway  Cylinder  Piers 

The  minimum  thickness  of  metal  and  the  number  of  piles  per  cylinder 
for  highway  cylinder  piers  shall  be  as  given  in  Table  436.  The  piles  should 
project  up  into  the  cylinders  at  least  ten  (10)  feet. 

Splices  and  Rivets 

All  splices  are  to  be  butt-splices  with  the  splice-plates  on  the  inside 
of  tlie  cylinder.     Splice-plates  shall  be  six  (G)  inches  wide  and  of  the 
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same  thiclaiess  as  the  cylinder  metal.  The  horizontal  splices  shall  be 
spaced  about  five  (5)  feet  apart.  Not  more  than  two  (2)  vertical  splices 
shall  be  put  in  any  one  ring.  When  there  is  only  one  vertical  splice, 
the  splices  in  adjacent  rings  shall  be  placed  180  degrees  apart;  and  when 
there  are  two  vertical  splices,  those  in  the  same  ring  are  to  be  spaced 
180  degrees  apart,  and  those  in  the  adjacent  rings  90  degrees  apart.  The 
rivets  shall  be  ^4  "^t'h  diameter  for  metal  %  inch  thick  and  under,  and  % 
inch  diameter  for  metal  over  %  inch  thick.  Rivets  shall  be  spaced  three  (3) 
inches  centres. 

TABLE  436 

Highway  Cylinder  Piers  with  Piles 
(Thickness  of  Metal  and  Number  of  Piles) 


Diameter  of  Cylinder 

Minimum  Thickness 
of  Metal 

Piles  per  Cylinder 

Inches 

Inches 

18 

A 

1 

24 

A 

1 

30 

A 

1 

36 

A 

2 

42 

A 

3 

48 

Vs 

4 

54 

H 

5 

60 

H 

6 

66 

% 

7 

72 

H 

{ 

8  preferred 

9  possible 

78 

7 

11 

84 

13 

Bracing  between  Cylinders 

The  bracing  between  cylinders  shall  be  either  a  solid  web  or  cross- 
struts  with  intersecting  diagonal  rods.  The  bracing  shall  extend  from 
about  two  (2)  feet  above  low  water  to  the  top  of  the  pier.  The  diagonal 
rods  in  the  open  bracing  shall  be  inclined  at  an  angle  of  about  forty-five 
(45)  degrees,  which  inclination  will  determine  the  number  of  panels  to 
be  used.  The  rods  shall  be  upset  and  provided  with  turnbuckles.  The 
details  of  the  two  systems  of  bracing  just  described  are  illustrate  in 
Figs.  43a  and  436;  while  Table  43c  indicates  the  sizes  of  struts  and 
diagonals  to  be  adopted  for  various  spans. 

Highway  Cylinder  Piers  without  Piles 

The  specifications  for  cylinder  piers  with  piles,  except  those  for  the 
piles  themselves,  are  applicable  to  cylinder  piers  without  piles.  The 
latter  type  of  pier  can  be  sunk  either  by  the  pneumatic  process  or  by 
open-dredging. 
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TABLE  43c 
Open  Bracing  for  Cylinder  Piers 


Length 

Size  of 
Diag. 
Rods 

Size 

of 

Pins 

Struts  for  Clear  Distance  Between  Cyunders  as  Shown 

Span 

14'  or  Less 

14'  to  16' 

16'  to  18' 

18'  to  20' 

20' 
40' 

60' 

80' 

100' 

125' 

150' 

Vs" 
IVs" 

VA" 

VA" 
2    " 

1^" 

2  " 

2A" 

2%" 

3  " 
3M" 

2C^4"x6Mi 
2{s\"x  6MJ 
2C^5"x  9      Z 
2  \j  5"x  9      ^ 
2  {_s  6"xl0^  * 
2C.6"xl03^* 
2C^7"xl2M^ 

2[^4"x  6M* 
2[.4"x  6MJ 
2C^5"x  9      2 
2r^5"x  9      * 
2C.6"x10HJ 
2[.6"xl0i^^ 
2[^7"x12M^ 

2  {j  5"x  9      * 

2l_sb"x  9      * 
2  C^  5"x  9      ^ 
2C.6"x10HJ 
2:5  6"xlOJ^f 

2C^7"xl2i.iJ 
2  C^  T'xWM  » 

2\jh"x  9     ^ 
2  [15  5"x  9     * 
2  C^  6"xlOJ^  * 
2C-6"xlOH* 
2[:.6"xlOH^ 
2D7"xl2M* 
2  C^  7"xUU  * 

Pneumatic  Cylinder  Piers 

Pneumatic  cylinder  piers  shall  be  formed  of  two  shells,  an  inner  one 
and  an  outer  one.  The  outer  shell  shall  be  of  a  size  required  for  the 
pier  base,  while  the  inner  one,  forming  the  well  to  the  air  chamber,  shall 
be  three  (3)  feet  in  diameter,  except  in  small  piers,  where  this  dimension 
may  be  reduced  to  two  feet  six  inches  (2'  6")-  The  working  chamber 
shall  be  formed  by  flaring  out  the  inner  shell  for  a  height  of  about  eight 
(8)  feet  at  the  bottom  until  it  meets  the  outer  shell  at  the  lower  edge, 
where  a  cutting  edge,  similar  to  that  for  a  timber  pier,  is  effected.  The 
inner  and  the  outer  shells  are  to  be  braced  together  by  open  angle-trussing, 
preferably  in  six  radial  planes.  This  bracing  shall  extend  up  about  five 
(5)  feet  above  the  flared  portion  of  the  inner  shell,  beyond  which  eleva- 
tion the  construction  is  to  be  similar  to  that  of  the  cylinder  piers  with 
piles. 

The  plates  for  the  lower  thirteen  (13)  feet  of  the  pier  shall  be  -j^  inch 
thick;  and  the  details  of  the  cutting  edge,  bracing,  and  splices  shall  be 
as  shown  in  Fig.  41c. 

Highway  Cylinder  Piers  in  General 

It  may  frequently  occur  that  the  size  of  cylinder  required  at  the  bot- 
tom is  larger  than  that  required  at  the  top  to  take  the  span  bearings,  in 
which  case  the  top  may  be  reduced  to  the  size  required.  The  following 
points,  however,  should  be  kept  in  mind  in  doing  so.  The  bottom  20 
feet  should  be  kept  plumb  so  that  the  cylinder  can  be  sunk  with  ease  and 
accuracy.  The  reduction  in  size  should  be  effected  in  one  of  two  ways: 
(a)  by  telescoping  the  sections  and  putting  in  filling  rings;  (b)  by  making 
one  five-foot  section  a  frustum  of  a  cone  and  thus  concentrating  all  the 
reduction  into  that  length.  The  cylinders  can  be  uniformly  battered  for 
most  of  their  length;  but  the  shopwork  would  be  more  difficult  than 
by  either  of  the  above  methods.  In  jjile  piers  the  reduction  in  size  must 
be  at  such  a  height  as  to  allow  the  driving  of  the  piles  inside  the  cylinder 
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after  it  is  suiik;  because,  with  the  close  spacing  of  i)ik's  necessary  in  this 
class  of  piers,  it  is  not  safe  to  depend  on  bcMng  al)l(>  to  ch-ive  the  piles  with 
sufficient  accuracy  to  allow  of  the  cylinders  being  sunk  over  them. 

For  the  larger-sized  cylinders  it  is  not  always  necessary  to  carry  the 
specified  thiclaiess  of  metal  to  the  top.  Thus  above  ordinary  water  sur- 
face it  may  be  reduced  to  /le  inch;  and  also  in  pneumatic  piers,  which 
will  have  concrete  between  the  outer  shell  and  the  shaft  during  sinking, 
the  metal  above  the  ground  surface  may  be  made  /ic  hich  thick. 

Timber  Pile  Piers 

Timber  pile  piers  shall  be  proportioned  to  carry  the  maximum  super- 
imposed loads  without  exceeding  the  allowable  load  on  piles.  The  piles 
shall  be  arranged  so  that  the  load  will  be  distributed  uniformly  over  them. 
Where  pile  piers  are  to  be  replaced  later  by  more  permanent  construction, 
the  piles  shall  be  so  located  that  they  can  be  incorporated  into  the  final 
design,  if  such  an  arrangement  be  practicable.  Substantial  bracing  bolted 
to  the  piles  shall  be  employed;  and  in  streams  wdth  an}^  appreciable  cur- 
rent and  carrying  either  ice  or  drift,  the  up-stream  end  shall  be  battered 
and  brought  to  a  point  so  as  to  form  a  nose  or  breakwater;  and  the  entire 
group  of  piles  shall  be  enclosed  by  four  (4)  inch  oak  sheathing,  laid  close 
together  and  filled  inside  with  stone.  In  cases  where  the  ice  is  very 
destructive,  the  face  of  the  breakwater  shall  be  covered  with  metal 
protection. 


CHAPTER  XLIV 

SHORE    PROTECTION   AND   MATTRESS   WORK 

Rivers  with  shifting  channels  and  friable  banks  often  render  it  nec- 
essary to  resort  to  shore  protection  in  the  vicinity  of  a  bridge  in  order  to 
prevent  the  current  from  cutting  in  behind  the  structure.  Also,  the  pos- 
sibility of  an  excessive  depth  of  scour  around  the  channel  piers  during 
floods  makes  it  desirable  in  some  cases  to  protect  each  foundation  by  a 
willow  mattress  placed  on  the  bed  of  the  stream  and  surrounding  the 
pier.  As  the  results  of  any  such  local  protection  work  extend  some  dis- 
tance from  the  locality  of  the  improvement,  it  is  incumbent  upon  the 
engineer  in  making  the  plans  to  consider  its  probable  effect  on  the  regi- 
men of  the  river  both  above  and  below  the  bridge  site.  A  change  in  the 
velocity  or  direction  of  the  current  in  one  section  causes  a  readjustment 
of  the  regimen  that  extends  to  contiguous  sections.  For  this  reason  it 
would  be  preferable  and  conducive  to  greater  permanency  of  the  protec- 
tion, if  local  improvements  were  made  to  conform  with  and  become  a 
part  of  a  general  scheme  for  the  entire  improvement  and  control  of  the 
river.  In  seeking  to  protect  the  bridge  by  controlling  the  current,  it 
must  be  recognized  that  the  natural  channel  should  consist  of  a  series 
of  advantageous  curves.  To  attempt  the  elimination  of  any  such  curves 
is  unwise,  as  that  would  produce  an  increased  slope  and  a  correspondingly 
higher  velocity  with  further  scouring  until  a  new  bend  is  formed.  It 
should  also  be  borne  in  mind  that  any  obstruction  causing  an  abrupt 
change  in  the  direction  of  the  current  involves  a  loss  of  its  kinetic  energy 
which  is  expended  in  a  whirl  that  causes  scour  and  produces  disturbances 
in  the  regimen.  The  effort  of  the  engineer  should  be  to  control  the  stream 
by  making  the  concave  margin  of  the  bend  a  true  director  of  the  current 
and  to  avoid  diverting  an  excess  of  flow  to  the  opposite  side,  thereby  un- 
necessarily deepening  that  margin  and  causing  a  rebound  toward  the 
initial  shore  line. 

For  the  purpose  of  controlling  the  current,  it  is  usually  better  to  adopt 
shore  revetment  rather  than  groynes,  or  spur  dykes.  While  the  latter, 
when  properly  designed  and  constructed,  have  proved  effectual,  experi- 
ence has  shown  that  their  results  are  uncertain  unless  the  works  are 
planned  by  a  river  specialist  having  full  and  reliable  data  at  hand  cover- 
ing the  elements  of  the  physics  of  the  stream  in  question.  Spur  dykes 
involve  abrupt  changes  in  velocity  and  direction  of  current  which  pro- 
duce results  difficult  to  foresee.  For  a  detailed  discussion  of  methods  of 
riyer  control,  the  reader  should  refer  to  the  excellent  article  by  the  emi- 
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nent  hydraulic  engineer,  S.  Waters  Fox,  in  Vol.  LIV  of  the  Trans.  Am. 
See.  C.  E.,  or  to  Professor  Van  Ornuin's  standard  work  entitled  "The 
Regulation  of  Rivers." 

Besides  the  direct  action  of  the  current,  the  other  contributing  factors 
to  banlv  erosion  are  surface  flooding  from  a  heavy  downpour  of  rain, 
overpour  from  local  pondage,  seepage  or  subsurface  flow  from  some 
nearby  storage,  and  wave  action.  The  extent  to  which  erosion,  or  bank 
caving,  results  from  any  of  these  causes  obviously  depends  upon  the 
?haracter  of  the  material  composing  the  said  bank,  the  homogeneity 
thereof,  and  the  rapidity  with  which  the  water  is  brought  into  contact 
with  it. 

Banlvs  subject  to  caving  or  sloughing  by  reason  of  ground  water, 
seepage,  or  subsurface  flow  can  be  most  effectually  protected  by  thor- 
ough drainage.  If  the  seepage  comes  from  visible  sources,  this  is  readily 
accomplished;  and  the  methods  to  be  employed  will  be  obvious  on  in- 
spection of  the  situation.  One  of  the  most  troublesome  conditions  is 
where  the  source  of  the  ground  flow  is  not  visible  and  where  the  water 
finds  its  way  through  a  substratum  of  quicksand  in  the  bank.  In  this 
case  drainage  will  prove  helpful.  When  the  substraturn  is  not  too  deep, 
this  may  sometimes  be  accomplished  by  driving  sheet  piling  through  the 
water-bearing  stratum  on  a  line  well  inshore  from  the  bank  and  providing 
a  means  of  getting  rid  of  the  water  which  collects  against  the  dam  thus 
formed,  either  by  drain-pipes  or,  if  absolutely  necessary,  by  pumping. 

When  the  erosion  is  due  to  wave  action,  the  bank  should  be  graded 
to  a  slope  at  least  as  flat  as  the  natural  slope  of  the  saturated  material 
of  which  it  is  composed.  A  slope  of  one  to  three  will  usually  meet  all 
conditions.  After  grading,  the  bank  should  be  either  covered  with  willow 
mattress  or  paved  with  stones  set,  preferably,  on  edge  and  in  such  posi- 
tion that  the  pieces  will  incline  inshore  from  a  vertical.  The  laying  of 
the  stone  should,  therefore,  be  commenced  at  the  top  of  the  bank  and 
progress  do-^nward.  The  voids  should  be  filled  with  spawls  or  crushed 
stone.  In  extended  reaches  of  the  bank  subject  to  high  winds  and  persis- 
tent wave  action  of  some  violence,  it  sometimes  becomes  necessary  to 
break  up  the  lateral  transmission  of  waves  by  means  of  short  spur  dykes. 

When  the  erosion  is  due  to  the  action  of  the  current,  a  wllow  mat- 
tress covering  the  subaqueous  portion  of  the  bank  and  extending  from  a 
little  above  low  water-mark  well  out  over  the  river  bed  is  an  effective 
device.  This  mattress  should  be  continuous  along  the  concave  shore  from 
the  beginning  of  the  bend  to  the  point  below  where  the  stream  axis  is 
deflected  to  the  opposite  banlc.  Above  the  water-line,  the  bank  after 
being  graded  to  a  proper  slope  for  stability  should  be  riprapped  as  pre- 
viously described.  The  advantage  of  the  willow  mattress  is  its  flexibility, 
permitting  of  ready  adjustment  to  irregularities  of  the  stream  bed.  By 
extending  this  mattress  sufficiently  beyond  the  toe  of  the  slope  and  load- 
ing it  with  large  stones,  it  will  follow  down  any  scour  in  the  river  bed 
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and  thus  afford  continual  protection  to  the  subaqueous  portion  of  the 
bank.  For  all  cases  where  it  is  desired  to  prevent  scouring  of  the  river 
bed  or  the  subaqueous  portion  of  the  bank,  the  willow  mattress  is  perhaps 
the  surest  and  most  economical  means  of  obtaining  the  desired  result. 

In  case  of  channel  piers  threatened  by  excessive  scour,  a  mattress 
can  be  placed  on  the  river  bed  covering  the  pier  location  and  weighted 
into  position  with  heavy  stones.  Then  the  caisson  can  be  sunk  to  the 
mattress,  the  interfering  stones  removed,  and  a  hole  cut  through  the 
brush  of  the  size  and  shape  of  the  caisson,  so  as  to  permit  the  latter  to 
pass  through  without  disturbing  the  mattress.  This  is  the  ordinarv 
method  of  procedure,  but  the  author  prefers  to  weave  a  hole  in  the  mat- 
tress for  the  caisson  to  pass  through,  leaving  ample  margin  all  around 
for  error  in  placing.  After  the  mattress  is  down  and  anchored,  the  space 
between  it  and  the  caisson  should  be  filled  with  fascines  or  ''babies" 
consisting  of  long  bunches  of  willows  well  wired  together,  each  contain- 
ing one  or  two  large  stones  for  sinking.  These  fascines  should  not  only 
fill  the  space  between  crib  and  mattress,  but  should  also  extend  above 
it  about  a  foot  to  provide  for  crushing  and  settling,  after  w^hich  a  layer 
of  large  stones  should  be  placed  above  them  to  serve  as  rip-rap.  The 
author's  experience  has  shown  that  in  most  cases  a  margin  of  three  feet 
all  around  will  make  the  hole  large  enough,  provided  that  due  precau- 
tion be  taken  in  locating  the  mattress.  If  much  difficulty  be  anticipated 
from  swift  current,  the  margin  should  be  increased;  but  by  putting  in 
four  diagonal  anchorages  (either  pile  or  mushroom),  one  from  each  corner, 
and  attaching  the  mattress  thereto  with  wire  rope  in  such  a  manner  that 
it  may  be  shifted  in  any  horizontal  direction,  its  location  can  be  made 
as  accurate  as  desired. 

Two  standard  types  of  mattresses  have  been  evolved — the  basket- 
woven  type  and  the  solid-fascine  type.  The  woven  mattress  is  usually 
composed  of  willow  poles  of  small  diameter,  interlaced  and  woven  to- 
gether like  a  mat,  strengthened  by  a  system  of  galvanized  wire  rope 
running  lengthwise  and  crosswise  of  the  mattress,  and  se^vn  to  the  sel- 
vage and  intermediate  ropes  with  strong  wire.  The  solid-fascine  type, 
which  of  late  years  on  the  lower  Mississippi  has  almost  displaced  the 
woven  mattress,  consists  of  bundles,  or  fascines,  of  willows  laid  parallel 
to  each  other  and  bound  closely  together  by  means  of  wire  strands  which 
run  continuously  through  the  mattress. 

Specifications  covering  mattress  construction  will  be  found  in  Chapter 
LXXIX. 

In  addition  to  the  use  of  mattresses  for  shore  protection,  it  is  some- 
times found  desirable  to  modify  the  shore  line  in  places  so  as  to  provide 
a  more  advantageous  curve,  in  which  case  a  "training"  dyke  is  built  on  the 
desired  alignment,  after  a  mattress  has  been  placed  on  the  river  bed  to 
prevent  scouring  and  the  consequent  undermining  of  the  dyke.  The  usual 
construction  of   these  training  dykes  consists  of   two  or  more  rows  of 
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piles  driven  about  8  ft.  apart,  with  piles  staggered,  forming  (>quilater;!l 
triangles  having  sides  about  10  ft.  long.  These  rows  ar(^  then  braced 
and  tied  together  with  wales  and  struts  so  as  to  form  a  unit,  and  the  space 
between  the  rows  of  piling  is  filled  with  rock  up  to  low  water,  while  the 
upper  part  is  made  to  act  as  a  screen  either  by  wattling  or  by  nailing  small 
vertical  poles  to  the  waling.  The  cross-dykes  are  treated  in  a  similar 
manner.  The  effect  is  to  cause  accretions  behind  the  dyke,  thereby  es- 
tablishing a  new  shore  line,  and  at  the  same  time  giving  a  direction  to  the 
current  that  will  benefit  the  channel.  Single  spur-dykes  have  been  tried 
for  the  purpose  of  deflecting  the  current  and  thus  preventing  the  encroach- 
ment of  the  stream.  There  are  two  serious  defects  to  this  system:  First, 
immense  quantities  of  driftwood  find  lodgment  against  the  dyke  in  unevenly 
distributed  masses.  This  often  results  in  the  destruction  of  the  dyke 
by  overturning  or  by  crushing;  and  at  the  same  time  the  evenness  of  the 
deposits  behind  the  dyke  is  interfered  with.  The  second  trouble  is  that 
a  pot-hole  forms  at  the  stream  end  of  the  dyke  and  prevents  the  forma- 
tion or  maintenance  of  deposits  there.  There  is  more  or  less  of  an  eddy 
continually  occurring  at  the  end  of  the  structure;  and,  as  decay  sets  in, 
it  yields  to  the  force  of  the  current;  and  when  once  the  end  of  the  dyke 
is  destro3'ed  the  rest  succumbs  quickly. 

Another  type  of  cross-dyke  used  for  protecting  the  toe  of  a  bank  sub- 
ject to  scour  is  made  of  sink-fascines.  These  are  like  the  "babies"  pre- 
viously described,  but  larger,  being  formed  of  bundles  of  willow  poles, 
each  bundle  being  four  or  five  feet  in  diameter  and  containing  enough 
rocks  in  the  interior  to  provide  the  weight  required  to  hold  them  on  the 
river  bed.  These  sink-fascines  are  placed  on  the  bottom  parallel  with 
the  shore  line,  and  are  further  anchored  by  clusters  of  piles  driven  at 
intervals.  The  top  of  this  pavement  of  fascines  is  made  to  conform 
approximately  ^vith  the  desired  slope  of  bank,  so  that  as  the  sand  and 
silt  are  deposited  around  them  a  new  slope  is  gradually  formed.  An 
arrangement  of  this  kind  was  advocated  in  a  report  by  the  author  upon 
how  best  to  protect  the  south  bank  of  the  Missouri  River  above  the 
Hannibal  Bridge  at  Kansas  City. 

Another  type  of  bank  dyke  is  that  invented  by  a  Mr.  David  Neale. 
It  consists  of  hollow  or  cellular  fascines  anchored  to  the  shore  and  floated 
into  place,  where  they  collect  silt  and  settle  to  the  bed  of  the  river.  The 
sinking  may  be  hastened  by  placing  bags  of  sand  inside  the  fascines. 
These  fascines  in  one  or  two  layers  form  the  foundation  upon  which  to 
build  the  mud  cells.  These  are  constructed  after  the  manner  of  a  log 
house  with  many  rooms  from  5  feet  to  8  feet  square.  They  are  built 
in  and  over  the  upper  slope  of  the  bank,  which  has  previously  been  graded 
to  the  proper  angle.  These  mud  cells  are  stepped  back  on  the  water 
front  to  conform  roughly  to  the  slope  of  the  bank,  and  the  top  is 
covered  with  a  layer  of  brush.  Rip-rap  is  used  at  the  top  of  the  bank 
to  make  it  more  permanent.     These  dykes  are  subject  to  scour  at  the  end. 
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They  have  been  used  successfully  on  both  the  Missouri  and  the  Arkansas 
rivers;    but  the  author  much  prefers  the  old-fashioned  type. 

Concrete  revetment  has  been  adopted  in  several  cases  on  the  Mis- 
souri River.  This  consists  of  paving  the  bank  above  standard  low  water 
with  strips  or  slabs  of  reinforced  concrete  about  eight  feet  wide,  and  of 
placing  at  water-line  and  extending  outward  over  the  willow  mattress 
a  system  of  flexible  concrete  block  protection  formed  of  blocks  about 
twenty-four  inches  square,  linked  together  and  to  the  solid  concrete 
paving.  Concrete  revetment  has  been  used  near  the  mouth  of  the  Kaw 
River  to  protect  the  levees.  It  is  laid  directly  on  the  earth  embankment 
in  large  slabs.  A  number  of  cracks  have  developed  in  it,  but  thus  far 
it  is  holding  its  own  very  well. 

No  general  rule  can  be  laid  down  for  determining  which  of  these  vari- 
ous systems  of  shore  protection  is  applicable  or  best  for  any  particular 
case  without  making  a  special  study  of  the  actual  conditions  at  the  site. 

The  possibility  of  the  necessity  for  river  protection  work  and  the 
expense  of  its  construction  should  always  be  given  due  consideration 
when  estimating  on  the  cost  of  any  important  bridge. 

Mattresses  are  generally  kept  in  place  by  anchoring  them  with  wire 
ropes  to  single  piles,  pile  clusters,  dead-men  on  the  bank,  or  large  mush- 
rooms anchors  in  the  stream.  In  the  middle  eighties  there  was  invented 
by  John  W.  Nier,  Esq.,  C.  E.,  a  method  of  anchoring  mattresses  that 
was  used  in  a  few  places  with  great  success,  and  then,  for  some  unknown 
reason,  was  abandoned,  so  that  today  its  scheme  of  attachment  may  be 
considered  a  lost  art.  It  consisted  in  driving  at  regular  intervals  through 
the  mattress,  by  means  of  a  "harpoon"  actuated  by  a  water-jet,  thin  cir- 
cular cast-iron  mushroom  anchors,  each  eight  inches  in  diameter  and  fas- 
tened at  the  centre  to  a  piece  of  telegraph  wire,  the  penetration  into 
the  soil  being  about  ten  feet.  The  point  of  the  harpoon  was  easily  worked 
through  the  brush,  after  which  it  went  down  to  the  full  depth  in  a  few 
seconds.  By  shutting  off  the  water  and  giving  simultaneously  to  the 
apparatus  a  sudden  jerk,  the  anchor  was  released  in  such  a  manner  as 
to  take  a  horizontal  position.  By  stressing  the  wire  and  attaching  it  to 
the  skeleton  ropes  of  the  mattress,  an  excellent  anchorage  was  obtained. 
The  first  practical  trial  of  this  scheme  on  actual  construction  was  made 
by  the  author  about  1890  during  the  construction  of  the  Pacific  Short 
Line  Bridge  over  the  Missouri  River  at  Sioux  City,  Iowa.  The  river 
bank  above  the  bridge  on  the  Nebraska  side  was  caving,  and  hence  had 
to  be  protected.  The  author,  having  great  faith  in  the  efficacy  of  his 
friend's  invention,  gave  Mr.  Nier  a  contract  for  doing  the  protection 
work;  and  the  result  justified  his  action,  for  the  caving  was  checked 
and  the  mattress  did  its  duty  well  until  the  willows  rotted  some  years 
later.  Meanwhile,  however,  the  channel  of  the  river  had  shifted  to  the 
Iowa  side,  where  it  has  remained  till  this  day,  rendering  unnecessary  the 
further  protection  of  the  Nebraska  bank. 
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When  tho  East  Omaha  liridiiic  across  the  Missouri  River  was  being 
built  a  few  years  later,  the  stream  gave  iutlicatioiis  that  the  channel  would 
shift  from  the  Iowa  to  the  Nebraska  shore,  and  that,  in  consequence,  the 
East  Omaha  Land  Company's  pr()i)erty  would  be  cut  away.  To  prevent 
this  the  author  designed  and  built  a  long,  trailing,  wattled-pile  dyke  well 
out  into  the  stream  with  wattled-pile  cross-dykes  at  intervals,  the  piles 
of  the  trailing  dyke  being  driven  through  a  willow  mattress  that  was 
;mchored  by  the  Nier  method.  The  protection  started  on  a  tangent  some 
distance  above  the  bridge  site  at  the  beginning  of  a  convex  curve  in  the 
shore  line,  deflected  gradually  to  the  crossing,  where  it  passed  close  in 
front  of  the  last  pier  of  the  temporary  bridge,  and  then  continued  for 
some  distance  down  stream. 

White  oak  piles  about  fifty  feet  long  with  8"  X  10"  oak  timbers  for 
caps  and  6"  X  8"  yellow  pine  timbers  for  bracing  were  used.  The  piles 
were  driven  five  (5)  feet  from  centre  to  centre  in  two  rows  six  feet  apart, 
and  the  rear  row  was  wattled  by  weaving  slender  poles  in  and  out  be- 
tween them,  and  pushing  the  poles  down  to  the  mud,  thus  forming  a 
fence,  through  which  the  water  in  passing  was  forced  to  drop  a  portion  of 
its  burden  of  sand.  The  fifty-foot-wide  mattress,  most  of  which  was  out- 
side of  the  dyke,  prevented  any  scouring  out  of  the  piles.  At  the  upper  end 
of  the  dyke  the  construction  was  built  specially  strong  and  attached  by 
heavy  wire  rope  to  a  dead-man  set  well  back  into  the  bank.  Not  only  did 
this  djdve  answer  perfectly  the  purpose  of  protecting  the  river  bank,  but 
also,  incidentally,  it  formed  a  large  accretion,  thus  adding  materially  to 
the  area  of  the  saleable  lands  of  the  East  Omaha  Land  Company. 

At  the  time  of  the  completion  of  the  permanent  bridge  some  twelve 
years  later  the  dyke  was  still  in  good  shape,  although  injured  a  little  in 
places  by  the  ice,  for  the  timber  and  piles  had  not  decayed.  Whether 
any  trace  of  the  old  work  remains  today  after  the  passage  of  more  than 
two  decades  since  its  building,  the  author  was  curious  to  ascertain,  conse- 
quently he  wrote  to  A.  S.  Baldwin,  Esq.,  C.  E.,  Chief  Engineer  of  the 
Illinois  Central  Railway  Company,  which  company  is  the  present  owner 
of  the  East  Omaha  Bridge,  and  asked  him  to  tell  him  the  condition  of 
the  old  construction.  Mr.  Baldwin,  not  having  the  information  at  hand, 
was  so  kind  and  courteous  as  to  take  the  trouble  to  send  an  engineer 
to  East  Omaha  with  instructions  to  investigate  and  report  upon  the 
matter.  The  result  was  that  on  April  10,  1915,  Mr.  Baldwin  wrote  the 
author  a  letter,  from  which  the  following  extract  is  made: 

"Referring  to  your  letter  of  March  24th  in  regard  to  condition  of  the  old  pile  dykes 
built  near  the  East  Omaha  bridge  to  protect  the  shore  line  some  twenty  years  ago. 

"We  had  no  definite  information  in  the  office  in  regard  to  the  condition  of  this  dyke, 
and  I  arranged  to  have  a  representative  go  to  Omaha  and  look  over  the  work  with  a 
view  of  obtaining  the  information  which  you  desire. 

"I  attach  hereto  photographic  view  and  sketches  showing  the  type  of  construction 
of  these  dykes  on  both  sides  of  the  river  near  the  bridge. 
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"The  dyke  on  the  Nebraska  side  is  about  2200  feet  long  and  has  five  cross-dykes. 
All  portions  of  the  structure  are  completely  covered,  with  the  exception  of  a  section  of 
the  parallel  dyke  near  the  bridge,  which  is  shown  in  the  picture.  This  dyke  is  built 
of  two  rows  of  white  oak  piles  with  S  x  10  inch  caps  and  6x8  inch  braces  of  yellow  pine. 
The  material  which  is  exposed  above  the  job  is  in  very  good  condition,  and  I  presume 
the  cross-dykes  are  in  the  same  shape  as  those  on  the  Iowa  side,  but  it  was  impossible 
to  determine,  as  they  were  completely  submerged.  The  Government  map  which  is 
attached  indicates  that  the  dyke  has  served  the  purpose  for  which  it  was  intended,  as 
there  is  very  httle  difference  between  the  shore  line  in  1S90  and  the  present  one.  The 
bank  at  this  point  is  filled  to  a  height  of  12  feet  above  the  top  of  the  parallel  dyke." 

Fig.  44a  shows  the  only  portion  of  the  traihng  dyke  that  has  not  been 
covered  by  a  deposit  of  sand. 

The  author  has  made  a  practice  of  building  his  mattresses  generally 
about  twelve  inches  in  thickness,  although  common  practice  permits  of 


Fig.  44a.    Shore  Protection  on  the  Nebraska  Side  of  the  Missouri  River  at  East 

Omaha,  Neb. 


ten  inches;  and  in  special  constructions,  such  as  pier  mats,  he  has  made 
them  sixteen  and  even  eighteen  inches  thick.  In  order  to  prevent  the 
anchor  stones  from  being  washed  off,  he  lashes  firmly  to  the  skeleton  ropes 
of  the  construction  small  logs  running  in  two  directions  at  right  angles 
to  each  other  so  as  to  form  cribs  for  holding  the  load.  These  serve  to 
stiffen  the  mattress,  but  not  enough  to  prevent  its  settling  when  under- 
mined. 
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1869 
Adjustable  rods,  388 

Adjustment  of  shoes  on  masonry,  459,  460 
Adjustment  of  track  for  curvature,  138 
Administration  of  construction,  1582 
Administration  work,  1586 
Advantages  and  disadvantages, 

bascule  bridges,  701 

concrete  caissons,  1004,  1005 

concrete  piers,  1023 

pneumatic  process,  998 
Advice  to  contractor,  1470,  1471 
Aerial  ferries,  670,  671 
Esthetics,  16,  1150-1181 

foundation  of,  1150 

hindrances  to,  1170 

layout,  effect  on,  1216 

layouts  for  determination  of,  1173 

reinforced-concrete  bridges,  943 
Agents,  1562 

.AJiwillgate  Indian  Bridge,  B.  C,  4,  5 
Air  gun,  769 


Air  locks,  999,  1005 

Moran  1006 
Akano  River  (Japan)  Bridges,  574 
Aligning  of  handrails,  384 
Alignment,  1212,  1765 
Allowable  pressures, 

deep  foundations,  965,  966 
shallow  foundations,  966 
Allowance  for  possible  error  of  final  position, 

987 
Alloy  steels,  28,  57-93 
economics  of,  79,  80 
maximum  strength  of,  58 
rivets,  84 

weights  of  bridges  of,  1284,  1286 
Alteration  in  contracts,  1885 
Alteration  of  plans,  1762 
Alternating-current    electric    motors,    1793, 

1794 
Alternating  stresses,  255 
Aluminum  Company  of  America,  90 
Aluminum  in  steel,  86 
Aluminum  steel,  82 
Ambiguity  in  stiffening  trusses,  659 
American  and  European  practice  compared, 

1181 
American  bridge  designirg,  evolution  of,  29 
American   bridge   engineering,    development 

of,  19 
American  Railway  Engineering  Association,  30 
conclusions  concerning  waterways,  1110, 

1111 
system  of  bridge  inspection,  1514,  1515 
tests  on  impact,  123 
American  Society  for  Testing  Materials,  31 
American  Society  of  Civil  Engineers,  31 
American    Society    of    Municipal    Improve- 
ments, 1742 
American  standard  I-beam  sections,  460 
American  Steel  and  Wire  Company,  77 
American  Vanadium  Company,  of  Pittsburgh, 

82 
Amusement     casino     for     Havana     Harbor 

Bridge,  1077 
Analysis  of  stresses,  origin  of,  15 
Analytic  method  of  stress  computation,  158, 
159 
computing     stresses     in     trusses     with 
polygonal  chords,  159 
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Anchor  arms,  economic  length  of,  1199 
Anchor    bolts,    453,    454,    457,    544,    1053, 
1658,   1786 

stresses  from  eccentric  loads,  304-309 
Anchor,  mushroom,  1062 
Anchor  span,  economic  length  of,  1200 
Anchorages,  275,  1645 

cantilever  bridges,  579 

columns,  278,  1643,  1644 

pedestals,  1030 

swing  spans,  154,  693,  1075,  1693 

trestle  towers,  210 
Anchoring  mattresses,  1002 
Ancient  bridges,  materials  for,  13 
Angle  measurements  in  triangulation,  1456, 
1460,  1461 

corrections  in  triangulation  work,  1461 
Angles,  47 

areas,  net  and  gross,  424,  425 

centres  of  gravity,  positions  of,  424 

gauges  of,  333 

lacing,  286 

overrun  of,  430 
Annealing,  1781 

castings,  338 
Annual  installment  required  to  produce  one 

dollar,  1526 
Annual  rainfall  and  record  run-offs  of  the 

United  States,  1115 
Anti-creeping  devices  for  rails,  357 
ApoUodorus,  12 

Application  of  stresses,  frequency  of,  275 
Approaches,  535 

artistic,  1178 

curved,    1091 

curves  on,  1212 

economics  of,  1193 

timber  trestle,  1866 
Approximate  quantities  of  materials,  1871- 

1874 
Approval  of  bridge  plans  by  War  Department 

obstacles  to,  1141 

rules  for,  1140 
Arbitration,  1566,  1587,  1588,  1885 

bond  guaranteeing  to  abide  by  decision 
of,  1589 

examples  of,  1588,  1589 
Arches, 

aesthetics  of,  G17 

abutments  and  piers, 

calculation  of  stresses  in,  911 
quantities  in,  1337-1347 
steel  in,  1344 

advantages  of,  618 

Babylonian,  9 

barrels,  quantities  in,  1333 

braced-rib  type,  620,  636 

bracing  of,  635 

camber  of,  752,  760 

cantilever,  632,  G33,  636 


Arches, 

cantilevering  of,  618,  619 

centering,  1502 

central  hinge  for  dead  load  only,  619 

centre-Hne,  determination  of,  863 

centres,    forms,    staging,    nmways,    and 

falsework,  1769 
Chinese,  9 

clay  centres  for,  1537 
combination  of  stresses  in,  635 
comparison  of  various  tji^es  of,  619 
concreting  of,  952 
corbelled,  7 
crescent-shaped,  619 
crown  hinge  for,  646 
culverts,  1864 
data  for,  642,  643,  644 
dead  loads  for,  96 
defects  in,  1164 
deflections  of,  842 
detailing  of,  644,  645 
economics  of,  1191 
economy  of  types  of,  636 
elastic,  11,  15 
elhptical,  11 

equivalent  uniform  live  loads  for,  634 
erection  of,  618 
fixed-ended,  stresses  in,  862 
foundations  for,  618 
framing  of,  620 
gothic,  11 

Great  WaU  of  China,  9 
Harlem  River,  643 
highway  bridges,  642 
hingeless,  620,  621,  636 
hinges  for,  19 
hyperbolic  curves  for,  631 
inclined  to  vertical,  634 
lenticular,  620 
masonry,  536 

longest  span,  19 

theory  of,  15,  617 
merits  of  different  Icinds  of,  635 
metal,  origin  of,  27 
minimum  spacing  of,  633 
moments  of  inertia  of,  841 
one-hinged,  624,  636 
open-spandrel,  940 
origin  of,  7 
piers  and  abutments, 

calculation  of  stresses  in,  911 

designing  of,  940  • 

quantities  in,  1337-1347 

steel  in,  1344 
quantities  in,  1329-1334 
railroad  bridges,  642 
reinforced  concrete,  862-910,  940-944 

calculation  of  stresses  in,  S62-910 
api)n)ximate  metliods,  868-880 
exact  methods,  880-910 
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Arches, 

reinforced  concrete, 

contro-line,  detcrnunation  of,  863 
designing  and  detailing  of,  940-944 
piers  and  abutments  of, 

calculation  of  stresses  in,  911-918 
designing  and  detailing  of,  944 
thickness  of,  equation  of,  867 
quantities  in,  1330-1347 
segmental,  11 
semi-circular,  10 
sewers,  Roman,  10 
shortening,  864,  871,  881,  882 
effects  of,  956 

position  of  point  of  contraflexure  for, 
870 
solid-rib  type  of,  620,  636 
solid-spandrel,  940 
spandrel-braced,  620 
temperature  stresses  in,  212,  872,  883 
three-hinged,  626,  627,  636 
timber,  617 

timber,  over  the  Danube  River,  10 
train  sheds,  618 
trussing  of  webs  in,  620 
two-hinged,  626,  636 
weights  of  metal  in,  formulae  for,  638 
widths  of,  637 
wind  stresses  in,  634 
Architectural    arrangement    in    engineering 

work,  1163 
Architectural  cffoct,  270 

American  bridge  practice,  1164 
Area  moment  law,  233 
Areas, 

angles,  net  and  gross,  424,  425 
cover  plates,  426 
plate-girder  flanges,  429 
waterways,  determination  of  data  for,  1109 
-'Vrkansas  River  Bridge  at  Fort  Smith,  728 
Army  Engineers'  hearings,  1142 
Arnodin,  F.,  671 
Arroyo  Seco  Bridge  at  Pasadena,  Cal.,  941, 

1164 
"Artistic    Design   of    Bridges "    by  Tyrrell, 

1179,  1181 
Asbestos,  51 

.\shtabula  bridge  disaster,  24,  154J 
Asphalt,  51.  352 
cement,  1812 

filler  for  brick  paving,  1835 
pavement,  370,  1809 
repairing,  1817 
weight  of,  95 
specifications,  1809 
testing,  1809 
Asphaltic  mastic,  351,  352 
Assembling  and  reaming,  1423,  1434 
Assigning  or  subletting  of  contract,  1556, 1882 
Assigns,  1563 


Association  of  Inspectors,  1414,  1437 
Assos  Bridge,  6 

Assuming  responsiliilitiea,  1616 
Atchafalaya  River  borings,  1098 
Atchafalaya  River  swing  span,  erection  of, 

993,  1072 
"A"  truss,  477,  478 

Attachments  for  wire  ropes,  312.  1719,  1789 
Attendance,  regularity  of,  by  employees,  1608 
Auger  borings,  1093 

Austeriitz  Bridge  (Paris),  627,  028,  1071 
Austin,  Texas,  bridge,  1164 
Award  of  contract,  1881 
Axes,  gravity,  intersection  of,  273 

B 

Babbitt  metal,  50,  1779 

bearings,  337 
Babylon  Bridge  over  the  Euphrates,  5,  9 
Babylonian  arches,  9 
Back-checking,  1395 
Back-filling,  1864 
Backstays,  658 
Bags  filled  with  clay  and  sand  for  foundations, 

973 
Bags  for  cofferdams,  975 
Balanced  loads  on  rim-bearing  swing  spans, 

reactions  for,  690 
Baldwin,  A.  S.,  1063 
Ballasted  floors,  347,  348,  349,  350,  775,  1634 

comparison  with  open  deck,  347 

effect  on  impact  of,  125 
Ball  signal,  1801 
Baltimore  truss,  24,  468,  469 
Banding  of  arch  ribs,  944 
Bankers, 

dealing  with,  1596,  1597 

introductions  to,  1596 

rejection  of  project  by,  1597 
Banks, 

caving  of,  1059 

erosion,  1059 

grading,  1059 

high,  1090 

protection,  1866 

shding  of,  1074 
Barges, 

borings,  1097 

erection,  1849 

erection  on,  1076 

renewal  of  spans,  1510 
Bar  lacing,  weight  of,  287 
Barnett,  Robert  C,  1169,  189$ 
Bars, 

areas  of,  799 

corrugated,  48 

deformed,  origin  of,  28 

reinforcing,  48,  1779 

twisted,  48 

weights  of,  799 
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Bascule  bridges,  663,  664,  700 
advantages  of,  701 
camber  for,  753 
classification  of,  701 
comparison  of  types,  713 
comparison  with  vertical  lifts  and  swings, 

1208 
details  of  design,  1697 
floors  for,  366 
history  of,  700 
locations  of  American,  716 
power  for,  1701 
types  of,  713 

Brown,  706,  707,  714 
Chicago-City-type,  708,  709,  715 
Cowing,  712 
Montgomery     Waddell,      711,      712, 

715 
Page,  708,  714 
RaU,  702,  703,  704,  714 
roller-bearing  type,  701 
rolling  lift  type,  701 
Scherzer,  701,  702,  703,  714 
Strauss  heel-trunnion,  706 
Strauss  trunnion,  704,  705,  714,  715 
trunnion  type,  701 

Waddell    &     Harrington,     709,     710, 
711 
wind  loads  for,  155 
Base  castings  for  pedestals,  456 
Base  lines, 

lengths  of,  1460 

measurements,  1456,  1457,  1458 
Base-plates,    stresses    from    eccentric    loads, 

304-309 
Bases, 

abutments,  pressures  on,  1030,  1031 
counterforted   retaining  walls,   loads  on, 

1039 
pavements,  368,  369 
pedestals,  1685 
piers,  enlarging  of,  971 
piers,  piles  in,  1050 
piers,  pressures  upon,  964 
plate-girder  spans.     See  Shoes, 
retaining  wall,  design  of,  1036,  1038 
Basins  for  floors,  373 
Basket-woven  mattresses,  1060 
Bates,  Onward,  1067 
Batten  plates,  285,  505 

for  truss  members,  1678 
Batter, 

columns,  1684 
pedestals,  1028 
pier  shafts,  1051 
sides  of  caissons,  987 
sides  of  masonry  piers,  1021 
tower  columns,  540 
Batter  braces,  bending  on,  1660 
Battered  piles,  1011 


Bauschinger,  18 

Beam  bridges,  prototjrpes  of,  3 

Beams, 

cantilever,  436,  1672 

deflections  of,  228,  842 

depth  of,  836 

continuous,  deflection  of,  230 

milling  of,  1783 

timber,  figuring  of,  302 

varying  depth  of,  836 
Bearing, 

areas,  effective,  1658 

masonry,  1657 

piles,  1008 

pins,  intensities  for,  264,  323 

rivets,  intensities  for,  264,  325 

stresses,  255 
Bearing-blocks  for  swing-span  drums,  1694 
Bearings,  1728 

connections  for  tower  sheaves,  1789 

plate-girder  spans.     See  Shoes. 

tower  sheaves,  1722 
Beauty,  1153,  1154 
Beauty  of  design,  1151 
Beaver    Cantilever    Bridge,    357,    482,  533, 

596,  614,  1179 
Bed-rock, 

drilling  into,  1103 

leveling  of,  1022 

sinking  piers  into,  1026 
Beds  of  rivers,  scouring  of,  1120 
Bells,  signal,  1802 
Bench  marks,  1467 

for  borings,  1107 
Bending  moment,  criterion  for,  164 
Bending  stresses,  203 

chords  of  trusses,  1660 

end  posts,  inclined,  1660 

floor-beams,  due  to  deflection,  206 

pins,  intensities  for,  264,  324,  1658 

plates,  331 

transverse  loads,  205 

weight  of  member,  205,  252,  1660 

wire  ropes,  311,  1712 
Bending  tests  for  steel,  1774 
Bends  in  reinforcement,  963 
Bends  in  rivers,  remoteness  from,  1090 
Benedictine  Monks,  11 
Bents,  solitary,  211 
Bernoulli,  14 

Bessemer  process,  origin  of,  17 
Bessemer  steel,  46 

Bethlehem  special  I-beam  sections,  460 
Bethlehem  Steel  Company,  1202 
Beveled  cuts,  328 
Beveled  sole  plates,  1067 
Bidders'  plant  and  evidence  of  experience, 

1878 
Bidding,     adherence     to     specifications     in, 
1869 
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Bidding  plans,  submission  of,  1629 
Bids, 

competitive,  40 
integrity  of,  1881 
lump-sum,  29,  40 
rejection  of,  1882 
Binder  for  asphalt  pavement,  1813 
Binder  stone  for  asphalt  pavement,  1811 
Bitulithic  pavement,  370,  1823 
Bitumen,     determination     of,     for     asphalt, 

1819,  1821 
Black    River    Bridge    on    the    Louisiana    & 

Arkansas  Railway,  737,  739 
Blacksmith  work,  1202 

Blackwell's  Island  Bridge,  58,  586,  588,  594 
Bland,  J.  C,  1527 

Blasting  foundations  for  caissons,  983 
Block  (creosoted)  pavement,  1806 
Blowing  caisson,  1001 
Blowing  out  materials  from  caissons,  1000 
Blowpipe,  999,  1000 
Blue-print  records,  1403,  1404 
Blue-prints,  order-form  for,  1402,  1403 
Blue  River  Bridge  at  Kansas  City,  986 
Boat  indicator,  1735 
Bolvtailed  swing  spans,  664 
Boca  del  Rio  Bridge,  Mexico,  770,  986 
Bold-faced  type,  use  of  in  the  specifications, 

1742 
Boiler,  Hodge  &  Baird,  369,  370,  391,  481, 

493,  598 
Boiler's  formula  for  power  for  swing  spans, 

689 
BoUman  truss,  468,  472 
BoUman,  Wendell,  23 
Bolsters,  334 
Bolts,  1050 

anchor,  457,  544,  1053,  1658,  1786 

fox,  457,  1786 

tap,  1731 

turned,  337,  1731,  1785 
Bond,  1566,  1877,  1886 
Bonded  indebtedness,  amount  of,  1598 
Bonding  of  rails,  356,  1842 
Bonds  as  compensation  for  engineering  work, 
1607 

guaranteeing  of,  1599 

price  of,  1598 
Bonn  (Germany)  Bridge,  626 
Bonus,  1876 
Borings,  1093 

auger  for,  1093 

barges  for,  1097 

bedrock,  1103 

bench  marks  for,  1107 

boulders,  1103 

clay,  1103 

clay  puddle  for,  1098 

cost  of  making,  1099 

derrick  for,  1097 


Borings, 

drive  head  for,  1095 

equipment  for,  1094 

gasoline  engine  for,  1106 

instructions  to  parties,  1100 

liability  insurance  for  parties,  1106 

location  of,  1101,  1106 

making  of,  1093 

necessity  for,  1082 

number  of,  1094,  1101 

outfit  for,  1095 

disposal  of,  1107 

paying  cost  of,  1604 

pipe,  measurements  of,  1103 

power,  1106 

reliability  of,  1099 

reports,  1107 

sand  bars,  1105 

scaffolding  for,  1104 

scows  for,  1097,  1104 

skiff  for,  1105 

tools,  shipping  back  of,  1105 

wash,  1093 

watchman  for,  1105 
Boseee,  337 
Boston     &     Providence      Railroad      Bridge 

failure,  1541,  1542 
Bottom-chord 

I  with  web  plate,  495 

joint,  designing  of,  527,  529 

lap-splice  (tension),  512-517 

sections.      .See  Truss  members. 
Bottom  lateral  systems,  398,  404 
Bottom  velocity,  1120 
Boulders,  994 

encountering  in  borings,  1103 

sinking  caissons  through,  992 
Bouscaren,  Louis  F.  G.,  25,  29 
Box  compression  chords,  285 
Box  sections,  498 
Boxed  spaces,  278 
Braced-rib  arches,  636 
Braced  steel  piers  and  towers,  1026 
Bracing,  30 

cantilever  brackets,  382 

cribs  and  caissons,  1049 

cylinder  piers,  1026,  1055,  1056 

portals,  293 

stringer,  294 

towers  in  trestles,  539 
Bracing  frames,  394 

multiple  track  structures,  277 
Brackets,  1673 

cantilever,  temporary  omission  of,  1073 

connections,  376,  378 

corner,  340 

drum,  1693 

floor-beams,  378,  379,  380 

stringer,  376 

temporary  omission  of  1201 
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Braked  -  train     thrust,     detailing    for,    283, 

284 
Brakes, 

electric,  1706 
hand, 1704 
solenoid,  1703,  1797 
Breaking  of  floors,  374 
Breaking  of  track,  357 
Breithaupt,  W.  H.,  662 
Bribing,  1623 
Brick,  54 

paving,  370,  1825-1835 

grout  filler  for,  1833 

maintenance  of,  1836 

rolling  of,  1832 

weight  of,  95 
piers,  1022,  1861 
testing,  1826-1831 
Bridges, 

approaches,  634,  635 

bascule,  700 

bill,  1138 

building,  future  of,  35 

cantilever,  American,  origin  of,  25 

cantilever,  longest  spans  of,  25 

cast-iron,  16 

construction,     ordinary      materials     of, 

45 
designing,  American,  evolution  of,  29 
designing  by  manufacturers,  37 
definition  of,  534 
engineer, 

consulting,  39 

duty  of,  to  his  contractors,  1630 

expert,  39 

responsibility  of,  1611 

value  of  services  of,  37 
engineering, 

American,  development  of,  19 

business  features  of,  1606 

corps  for  railway,  41 

dawn  of,  1 

ethics  of,  1619 

evolution  of,  1—35 

fees,  1601 

specialty  of,  36 

status  of,  1602 
erection,  designing  for,  334 
examination,  1514 

examination,  charges  for,  1519,  1520 
failures,  37,  1539-1547,  1626,  1627 

causes  of,  1540 

lessons  of,  1539 

tabulation  of,  1539,  1540 
gates,  677,  678 

high  and  low,  comparison  of,  663 
inspection,  1514 

frequency  of,  1514 

instructions  for,  1520,  1521 

proper,  1515,  1516 


Bridges, 

iron  railroad,  origin  of,  16 

lattice,  17 

locating  of,  1088 

long-span  American,  origin  of,  24 

low  and  high,  comparison  of,  663 

machinery,  336 

materials,  development  of,  16 

pin-connected,  origin  of,  23 

projects,  classifications  of,  1592 

projects,  promotion  of,  1591 

reinforced-concrete,  783 

repairing,  1519 

specialist,  36 
ideal,  43 
interference  wath,  42 

specifications,  printed,  first,  29 

steel,  Ufe  of,  37 
origin  of,  17,  27 

suspension,  647 

tubular,  17,  23 

wooden,  772 
Bridging  navigable  waters,  requirements  of 
the  United  States  Government 
for,  1137 
Brine  drippings,  348,  428 
Brittle  zone  in  nickel  steel,  61 
Broken  stone  or  gravel 

specifications  for,  1851 

testing,  1470 

weight  of,  96 
Bronze,  50 

bushings,  337,  1777 
Brooklyn  Bridge,  27,  659 
Brooming  of  piles,  1018 
Brothers  of  the  Bridge,  11 
Bro^vTi  bascule,  706,  707,  714 
Brown,  Thomas  E.,  716,  726 
Brush,  53 
Bruyere,  11 
Bryan,  C.  W.,  89 

Buchanan  Junction  Bridge  failure,  1645 
Buck,  L.  L.,  27 
Buck,  R.  S.,  633 
Bucket  dredges,  992 
Buckled  plates,  47 

floors,  370,  372,  1204 
Buda  Pesth  Bridge,  659 

designs,  1178 
Buel,  A.  W.,  590 
Buffers,  1724 

Building  up  of  caissons,  1001 
Built  channels,  495 
Built  members,  1784 
Built  shoes,  533 

Bulkley  River  Bridge,  B.  C,  3,  4,  6 
Bullock  Pen  Viaduct,  27 
Buried  piers,  535,  1031,  1214 
Burkli-Ziegler's  formula,  1116 
Buriap,  351,  352,  369 
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Burr,  Prof.  William  H.,  617,  650,  654,  658 

Burr,  Theodore,  15,  19 

Burr  truss,  19 

Burrard  Inlet  Bridge  at  Vancouver,  B.  C, 

343 
Bushings,  1729 

bronze,  337,  1777 
Business  features  of  bridge  engineering,  1606 
Butt-splices,  50S,  511 


Cables, 

cradling  of,  21 

electric,  1795 

lift  span,  1718,  1719 

operating,  1725 

rise,  economic,  656 

steel,  weights  of,  96 

supply,  for  swing  spans,  1706 

wire.     See  Tables  for  Designing. 
Caesar's  bridge  over  the  Rhine,  6 
Cain,  Prof.  Wm.,  617,  792 
Caissons, 

battered  sides  for,  987 

blasting  foundations  for,  983 

blowing  of,  1001 

blovsing  out  materials  from,  1000 

bracing  for,  1049 

building  up  of,  1001 

cross-sections  of,  986 

docks  for,  994 

dynamiting  of,  993 

ejecting  material  from,  999 

faces  of  wells  for,  987 

false  bottoms  for,  994 

filling  of.  995 

flaring  sides  of,  1001 

hanging  of,  996 

holding  in  position  of,  994 

inspection  of,  1449 

jetting  pipes  for,  990 

keeping  in  correct  position,  1001 

launching  of,  999 

logs  in,  995 

materials  of,  983,  984 

metal,  986,  987 

open-dredging,  1858 

origin  of,  12 

pneumatic,  1857 
details  of,  1007 
founding  of,  971 

pockets  in,  989 

pumping  out  of,  995 

reinforced  concrete,  986 

righting  of,  997 

side  friction  on,  996 

sinking  of,  990,  999 

sinking  of,  through  boulders,  992 

steel,  990 

suspending  of,  994,  1000 


Caissons, 

timber,  framing  of,  989 

timbers  for,  998,  1048 

ripping  of,  996,  997 

wooden,  designing  of,  1004 
Calculations.     See  also  Designing. 

accuracy  of,  1377 

approximate  method  for  arches,  868 

data  for,  1373 

files,  1408 

filing  of,  1386 

making  and  checking  of,  1371, 1373, 1378, 
1389 

plate-girder    spans.      See    Designing    of 
Plate-Girder  Spans 

sheet,  form  of,  1374,  1375 

time-record  for,  1407 
Calumet  River  Vertical  Lift  Bridge  for  the 
Lake  Shore  &  Michigan  Southern 
Ry.  Co.,  at  South  Chicago,  111., 
734,  736,  737 
Camber,  751-764,  1644,  1784 

approximate  method,  756,  757,  758 

arch  spans,  752 

bascule  bridges,  753 

cantilever  bridges,  752,  759,  760 

curve,  form  of,  759 

dapping  ties  for,  359,  751,  752 
half-dapping,  752 

dimensioning  for,  751—764 

Petit  trusses,  758 

pin-connected  trusses,  755,  756 

plate  girders,  329,  332,  753,  754 

reason  for,  751 

reinforced-concrete  bridges,  753 

riveted  trusses,  755 

semi-cantilevers,  759 

simple  truss  spans,  754-759 

steel  arches,  760 

suspension  bridges,  752,  761 

swing  spans,  753,  761,  1692 

towers  of  vertical  lift  spans,  762,  763,  764 

trusses,  333 

vertical  lift  bridges,  753,  761 
Cambridge  Arch  Bridge,  New  Zealand,  630, 

638 
Camel-back  truss,  468,  477,  478 
CampbeU,  C.  E.  H.,  1016 
Canfield,  August,  22 
Canso  Bridge  design,  1160 
Cantilever  arch,  632,  633,  636 
Cantilever  beams,  379,  380,  436 

bracing  bottom  flange.  382 

connections,  378,  382 

designing  of,  922 

flanges,  design  of,  380-382 

milling,  382 

strap  plates,  379,  380 

temporary  omission  of,  1073,  1204 

thrust  angles,  380 
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Cantilever  bridges,  568-616 
American,  origin  of,  25 
anchor  arms,  attachment  of,  614 
anchorage  details  for,  579 
artistic  effect  in,  573 
camber  for,  752,  759,  760 
Canso,    Strait    of,    design    of    proposed 

bridge  for,  593 
Chinese,  7 

combination  of  stresses  in,  572 
comparative  rigidity  of,  569 
conditions  suitable  for,  568 
connections  for  suspended  span  of,  611, 

612 
curvature  of  chords  for,  589 
detaiHng  of,  610,  611 
determination    of    equivalent    live    loads 

for,  572 
economic    comparison    with     suspension 

bridges,  1206,  1207 
economic  lengths, 

anchor  arm,  1199 

anchor  span,  1200 

suspended  span,  581,  1198 
economics  of,  569,  570,  580,  581,  585,  591, 
1198 

comparison  with  simple  trusses,  1200 
erection  stresses  in,  573 
final  connections  of,  580 
heights  of  posts  for,  589 
Hindoo,  7 

idle  members  in,  omission  of,  577,  579 
impact  for,  572 
increasing  widths  of,  573 
intermediate  trusses  for,  590 
layouts  for,  585 

legitimate  economies  in,  589,  590 
longest  spans  of,  25 
Mayari  steel  for,  71 
minimum  widths  for,  570 
Nippon  Railway  of  Japan,  574,  576 
Nortli  River,  proposed,  592 
origin  of,  6 

piers  or  pedestals  for,  590 
rollers  for  main  bearings  of,  614 
Strait  of  Canso,  proposed,  593 
stresses  in,  570,  571,  572 
suitable  conditions  for,  568 
suspenders  in,  577 
truss  depths  for,  589 
Type  A,  587,  1271-1273,  1275 
Type  B,  588,  589,  1271,  1277-1279 
Type  C,  588,  1271,  1280-1282 

economics  of,  592 
Type  D,  589,  1271,  1283-1285 
Wandipore,  Tibet,  7 

weights  of  metal  in,   581-587,   1271-1285 
anchor  spans  of,  584 
anchorages  of,  584 
piers  in,  584 


Cantilever  draw  spans,  665,  666 
Cantilevering  during  erection,  31,  574,  575, 
577,  1503,  1504 

from  rocky  bluff,  575,  577 
Cantilevering  of  floors,  483 
Cantilever  plate-girders,  418,  444,  1672 
Cantilever  retaining  walls,  1037 
Cantilevers  for  train-sheds,  569 
Cantilevers  for  work-shop  trusses,  569 
Capital  stock,  amount  of,  1598 
Capitol    Avenue    Bridge     in     Indianapolis, 

1169 
Car, 

overhang  of,  148 

tilting  of,  148 
Caravan  Bridge  over  the  River  Meles,  5 
Carbon  content  in  steel,  46 
Carbon  steel,  45 

requirements  for,  1770 
Carbon-vanadium  steel,  84 
Care  of  finished  concrete,  952 
Carpenter,  Mr.,  61 
Carrying  capacities  of  soils,  964 
Carrying  of  water-pipes,  1076,  1843 
Carrying  trains,  falsework  for,  1849 
Carroll,  Howard,  23 
Cartage,  1766 
Cartlidge,  C.  H.,  666,  667 
Casing  pipe,  1097 

Casino  for  Havana  Harbor  Bridge,  1077 
Cast  bases  for  columns,  340 
Cast  iron,  49,  337 

barring  out  of,  340 

bridges,  16 
Cast  piles,  1012 
Cast  shoes,  533 

plate-girders,  454 
Cast  steel,  48,  337 
Castings,  334 

anneahng  of,  338 

iron,  1777 

steel,  1777 
Catalogue  file,  1411 
Catch-basins,  1835 
Catching    washed-out    material    of   borings, 

1102 
Cattle,  weight  of,  117 
Caulking,  988,  1050 
Caving  of  banks,  1059 
Cedar,  Pacific  Coast,  52 
Cellular  fascines,  1061 
Cement, 

American,  55 

asphalt,  1812 

foreign,  55 

inspection,  1449,  1452 

natural,  17,  28,  55 

necessity  for  testing,  56 

Portland,  17,  28 

reports,  1487 
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Cement, 

Roman,  55 

Roscndale,  55 

specifications  for,  1849,  1850,  1851 

testing  at  manufactory,  1470 
Centering  castings,  1723 
Centering  for  arches,  1502 
Centre-bearing  swing-spans,  1695 

centre  wedges  for,  1717 

distribution  of  load  on,  687 

pivot,  tracks,  rack,  and  rollers,  1716 

reactions  for,  691 

supporting  of,  696 
Centre-castings  for  rim-bearing  swing-spans, 

1715 
Centre     line     of     arch-rib,      determination 

of,  S63 
Centres,  arch,  1769 
Centres  of  gravity, 

angles,  424 

plate-girder  flanges,  427 
Centrifugal  force,  132,  133,  135 

loads,  956,  1654 

point  of  application  of,  136 
Centrifugal  pumps.  979 
Cernavoda  (Roumania)  Bridge,  600 
Chalfant,  A.  G.,  596 
Changes,  1762 

cost  of  and  reasons  for,  1081 

contracts,  1885 

grade  on  structure,  356 

grades,  374,  1748 

plans,  1554 

temperature,  effects  of,  1654 

reinforced-concrete  bridges,  957 

tracings,  1385 
Channels,  47 

built,  495 

rolled,  493-495 

turned-in  flanges  of,  339 
Channels  of  streams, 

curvature,  1058 

obstruction  due  to  piers,  1121 

shifting,  as  affecting  layout,  1215 

straightness,  narrowness,  and  permanency 
of,  1090 
Charges     for      inspecting      bridges,      1519, 
1520 

schedules  of,  1602,  1603, 1604 
Charleston,  W.  Va.,  Bridge  failure,  1545 
Charts  of  progress,  1486 
Check,  deposit,  1881 
Checkered  plates,  374 
Checker's  duties,  1392 
Checking, 

calculations,  1371,  1378 

drawings,  1382,  1383,  1384,  1395 

estimates,  1361 

finished  design,  280 

materials,  1477 


Checking, 

shop  drawings,   1385,   1396,  1398,  1402, 
1411 

triangulation  work,  1462 
Checking-prints,  1395 

filing  of,  1410 
Chester,  Mass.,  Bridge  failure,  1543 
Chczy  formula,  1121 
C.  B.  &.  Q.  Ry.  formula,  1115 
Chicago-City-type  bascule,  708,  709,  715 
Chico  cantilever  in  Mexico,  1068 
Chief  designer's  duties,  1389 
Chief  draftsman's  duties,  1391,  1393 
Chinese  arches,  9 
Choice  of  type  for  piers,  969 
Chords, 

bottom,  sections  of,  495,  497 

curvature  of  track,  effect  of,  145 

curved  top,  479,  480 

deformation  of,  208 

heating  of,  212 

packing,  1682 

pins,  eccentricity  of,  340 

polygonal,  479,  480 

sections,  333,  492,  493,  501,  530,  1675, 
1681 

splices,  location  of,  510 

top  chords,  498-500 

trusses,  3.^3,  501,  530,  1675,  1681 
Chrome-nickel  steel,  58 
Chrome-steel,  27,  58 
Chrome-vanadium  steel  for  rivets,  84 
Chromium  in  steel,  84 
Cincinnati-Newport  Bridge,  605,  606 
Cinders,  54 
Cisco      arch      cantilevering,       1504,       1505, 

1506 
City  Waterway  Bridge,  Tacoma,  734,  735, 

1075 
Clam  shell  dredges,  992 
Clarke,  Reeves  &  Co.,  29 
Clarke,  T.  C,  27,  662 
Classes  of  floor  .systems,  346 
Classes    of    traffic    and    provision    therefor, 

341 
Classification, 

bridges  in  general,  1632 

highway  bridges,  1632 

reinforced-concrete  bridges,  953 
Clause  index  of  Chapter  LXXVIII,  1735 
Clause   index   of   Chapter    LXXIX,    1887 
Clauses    (variable,    incomplete,    and   perma- 
nent) in  specifications,  1742 
Claw  couplings,  1729,  1730 
Clay, 

borings  in,  1103 

pile-dnA-ing  in,  1016 

puddle  for  borings,  1098 

sinking  piers  in,  993,  995,  1000 
Clay-centered  arch-rings,  1537 
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Cleaning  drawings,  1387 
Cleaning  of  metalwork,  767,  768 
Clear   headway    requirements   of   War    De- 
partment, 1143 
Clearance,  329,  331 

between  spans,  337 

curves,  1638 

expansion  points,  332,  459 

highway  bridges,  1639 

necessity  for,  334,  336 

packing,  276 

railway  bridges,  483,  484,  1638 

skew  bridges  on  curves,  147 

square  bridges  on  curves,  147 
CHps,  366 
Cluster  piles,  1011 
Clutches,  friction,  1730 
Coalbrookdale  Bridge,  16 
Coal-tar  paving-pitch  filler,  1834 
Cochrane,  V.  H.,  127,  296,  963 
Code  of  ethics,  1631 
Coefficients   of   elasticity   for   concrete   and 

stone,  959 
Cofferdams,  967,  973,  1051 

bracing  of,  975 

collapsing  of,  979 

cost  of,  979 

flooding  of,  979 

freezing  process,  977 

leaks  in,  stopping  of,  976 

locations  for,  973 

movable,  978 

percolation  through,  975 

pumping  out  of,  978 

reinforced-concrete,  977 

removable,  990 

seepage  through,  975 

selection  of  type  of,  974,  980 

types  of,  973 

waling  for,  975 

work,  1859 
Coignet,  Francois,  18 
Colby  &  Christie,  1412 
Colby  &  Christie's  handbook,  1431 
Cold-rolled  shafting,  337 
Collapsing  of  cofferdams,  979 
Collars,  1730 
Collection  of  data,  1082 
Collingwood,  Francis,  662 
Colorado   River  Bridge    at    Austin,   Texas, 

1164 
Colossus  Bridge,  Philadelphia,  20 
Columbia  River  Bridge  at  Trail,  736,  1026 
Column, 

anchorage,  278,  304-309,  1643,  1644 

batter,  1684 

beam  action  of,  278 

cast  bases  for,  340 

compression  tests  on,  259 

contraflexure,  point  of,  294 


Column, 

details,  1684 

disposition,  277 

feet,  filling  of,  1840 

footings,  calculation  of  stresses  in,  857 
designing  of,  936 

quantities     of    materials     in,      1325, 
1328 

forked  ends  of,  285 

formulae,  origin  of,  14 

moments  of  inertia  of,  841 

overturning  moment  on  bases,  304-309 

point  of  contraflexure,  294 

reinforced-concrete, 
designing  of,  936 

quantities  of  materials  in,  1325,  1326, 
1327 

spacing,  economics  of,  1194 

splicing,  338 

towers,  batter  for,  540 

trestles,  stresses  in,  1659 

unit  stresses,  322 

unsupported  lengths  of,  960 

viaduct,  tops  of,  339 
Combinations  of  stresses,   250,   1376,  1658, 
1659 

bending  and  direct  stresses,  251 

steel  trestles,  250 

swing-spans,  1689,  1690 
Combined  bridges,  341 

classes  of,  342 

economy  in  designing,  344 
Commencement    of     fieldwork,     notice     of, 

1768 
Commercial   influences  as   affecting  laj^out, 

1213 
Common  sense  in  interpreting  specifications, 

1556 
Compacting  of  soil,  1008 
Comparison  of  designs,  economic,  1182 
Comparison  of  high  and  low  bridges,  663 
Comparison  of  pneumatic  and  open-dredging 

processes,  1074 
Compensating  trusses,  647 
Compensation  in  securities,  1607 
Competition,  29 

for  engineering  work,  1620 

unprofessional,  1601 
Competitive  bids,  40 

designs,  effects  of,  283 

plans,  1626 
Competitors,  pooling  of,  1533,  1534 
Completion  of  contract,  delays  in,  1884 

estimates  of  time  for,  1363 

time  of,  1875 
Compound  interest,  1363,  1364 
Compound  webs,  500 
Compression  chords,  splices  in,  292 
Compression    flanges   of    ijlato-girders,    pro- 
portioning of,  431 
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Compression  members, 

distribution  of  metal  in,  274,  492 

intensities  of  working  stresses  for,  259,  310 

Vr  for,  494 

proportioning  of,  492-505 

thickness  of  web-plates,  1677 

unit  stresses,  322,  323 
Compression  and  shear  in  reinforced-concrete 

beams  and  slabs,  1657 
Compression  stresses,  178 
Compression  tests  for  concrete,  946 
Compression  tests  on  columns,  259 
Compressive  strength  of  concrete,  957 
Compromise  Standard  System  of  Live  Loads 

for  Railroad  Bridges,  99 
Computation  of  stresses,  concentrated-wheel- 
load  method  for,  160,  161 
Concentrated  loads, 

plate-girder  spans,  shears,  moments,  and 
reaction,  414,  416,  417,  418 

reinforced-concrete      slabs,      distribution 
over,  852 
Concentrated-wheel-load    method    of    stress 

computation,  160,  161 
Concrete, 

abrasion  of,  1024 

appUcation  to  American  bridgework,  28 

base  for  paving,  368 

caissons,  advantages  of,  1004,  1005 

camber  for  bridges,  753 

cinders  for,  54 

compression  tests  for,  946 

compressive  strength  of,  957 

construction,  inspection  of,  951 

construction  work,  946-953 

continuity  of  operation  in  placing,  1855 

cost  of  cubic  yard,  1354-1360 

dry  surfaces  in,  1854 

encasing  of  metal,  769 

estimating,  1354-1360 

hand-mixing  of,  1854 

heating  materials  for,  1044 

inspection,  1449 

intensities  of  working  stresses  for,   958, 
959 

minimum  thickness  of,  962 

mixing  and  placing  of,  951,  1043,  1853 

pavement,  370 

paving  base,  368,  369 

piers, 

advantages  of,  1022,  1023 
coping  of,  1024 

piles,  1012,  1191,  1856 

proportions,  1852 

reinforced.     See  Reinforced  concrete, 
application  to  American    bridgework, 

28 
origin  of,  17 

removal  of  forms  from,  952 

revetment,  1062 


Concrete, 

salt  in,  1044 

salt  water  for,  1044 

sand  for,  54,  55 

shafts,  designing  of,  1024 

sidewalks,  1836 

specifications  for,  1851-1854 

stone,  53 

impurities  in,  53 

stresses,  working,  958,  959 

testing,  1468 

testing  of  hardness  of,  953 

weights  of,  95 

working  stresses,  958,  959 
Concreting  in  freezing  weather,  951 
Concreting  of  arch  ribs,  952 
Condemnation  of  old  bridges,  1519 
Conduits  and  gas  pipes  for  lighting  systems^ 

1842 
Congress    Street   Bridge    at    Troy,    N.    Y., 

493 
Conjugate  pressures,  1032 
Connecting  plates,  strength  of,  284 
Connecting  trestle   towers  by  girders,  638, 

539 
Connection  angles, 

floor-beams,  378 

plate-girders,  444-446 

stringers,  376 

wide-legged,  209 
Connection  at  cantilever  arm  for  transmission 

of  wind  loads,  611,  613 
Connections,  reaming  of,  1783 
Connel  Ferry  Bridge  (Scotland),  603 
Conoid  of  pressure,  1011 
Consent  of  surety,  1885 
Considerations  in  contracts,  1563,  1564 
Considere,  18 
Construction, 

administration  of,  1582 

engineering  of,  1466 

facilities   as   affecting   layout,  1216 

joints    in    reinforced  -  concrete    bridges. 
950 

modus  operandi  of,  1757 

records,  filing  of,  1410 

reinforced-concrete  bridges,  946-953 

tramways,  999 
Consulting  bridge  engineers,  39 
Contingencies,  1349 

allowance  for,  1599,  1600 
Continuity  of  operation  in  placing  concrete, 

1855 
Continmty  of  stringers,  210 
Continuous  girders  and  trusses,  482 

moment  coefficients  for,  845 

plate-girders,  418,  419,  444 

spans,  1643 

stresses  in,  850 

truss  bridges,  25 
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Contract,  1557 

abrogation  of,  1565 

agents,  1562 

alterations  or  changes  in,  1885 

arbitration  in,  1566 

assigning  or  subletting  of,  1566,  1882 

author's  form  of,  1568,  1569,  1570 

award  of,  1881 

bond  in,  1566,  1567 

changes  in,  1565,  1566 

clause  for  extra  pa^^nents  in,  1565 

considerations  in,  1563,  1564 

corrections  in,  1570,  1571 

dating  of,  1562,  1567,  1886 

delays  in  completion  of,  1884 

description  of  parties  to,  1560,  1561 

f'uration  of,  1563 

effect  of  war  upon,  1562 

erasure'  in,  1570 

essential  elements  of,  1558,  1559 

executed,  1565 

extra  payment,  clause  for,  1565 

forecasting  eventualities  for,  1564 

form  of,  1568,  1569,  1570,  1883 

importance  of  drafting  proper,  1557,  1558 

letting  "get  cold,"  1571 

liquidated  damages  in,  1564 

manifolding  of,  1571 

opening  clauses  for,  1559,  1560 

parti 2S  to,  description  of,  1560,  1561 

"passing  the  dollar"  in,  1564 

payment  clause  of,  1565 

penalties,  1564 

preambles  for,  1560,  1562 

promises  in,  1563 

scope  of,  1869,  1870 

signatures  to,  1567 

submission  to  lawyer  for  final  approval, 
1571 

Sunday  illegal,  1571 

U.  S.  Government,  1562 

witnesses  to,  1567,  1568 
Contraction  and  expansion,  275 
Contractor,  1707 

directions  to,  1765 

duties  defined,  1553 

incompetent,  1615,  1616 

plant,  1616,  1768 

rights,  1615 

risk,  1766 

warning,  1615 

work,  other,  1765 
Contraflexuro,  point  of,  in  columns,  294 
Controllers,  1703,  1794 
Conversion  of  a  simple  span-bridge  into  a 

cantilever  structure,  1079 
Cooper,  Theodore,  29,  98,  269,  634,  662 
Coping,  1021,  1052 

concrete  piers,  1024 

quantities  for,  1300 


Coping  of  stringers,  375 
Copper,  50 

nickel  steel,  68 
Corbeled  arches,  origin  of,  7 
Cord,  Mr.,  17 
Core  drilling,  1094 

equipment  for,  1098 
Corner  brackets,  340 
Cornwall,  Ontario,  Bridge  failure,  1544 
Corrections, 

contracts,  1570,  1571 

errors  of  connections,  1849 

secondary  stresses,  1784 

triangulation  angles,  1461 
Correspondence,  1388 

field,  1479 

files,  1411 
Corrosion,  pro\'ision  for,  256 

steel  in  salt  water,  986 
Corrugated  bars,  48 
Corrugated  plates,  47 
Corthell,  Dr.  E.  L.,  965 
Cost,  equivalent  total  first,  1182 
Cost  plus  a  lump  sum,  1582,  1584 
Cost  plus  a  percentage,  1582 
Costs.     See  also   Diagrams  and  Tables  for 
designing. 

abutments,  plain  concrete  railway,  1199 

aUoy  steel,  65,  66,  76,  77,  81,  83,  85,  87 

borings,  paying  for,  1604 

cofferdams,  979 

draw  protection,  779 

driving  piles,  1019 

embankments,  railway,  1195,  1196 

making  borings,  1099 

materials  in  place,  1354,  1355,  1359,  1360 

nickel  steel  bridges,  61,  64 

power,  equipment,  movable  bridges,  681 

sinking  piers,  982 

swing  spans,  698 

trestles,  777 

vanadium  steel  bridges,  85 

wooden  trestles,  1197,  1198 
Coulomb,  14 
Coulomb  formula,  1033 
Counterbalancing    chains    for    vertical    Kft 

bridges,  722 
Counterbracing,  1641,  1642 
Countcrforted  retaining  walls,  1037 

loads  on  ba.se  slabs  of,  1039 

loads  on  counterforts  of,  1041 
Counterforts,  reinforcing  of,  1040 

spacing  of,  1042 
Counters  for  truss  spans,  1683 
Countersinking  ties  for  hook  bolts,  366 
Counter  system,  excess  loads  for,  1658 
Counterweight  and  operating  ropes  and  their 
attachments,   1718,   1789,   1790, 
1791 
Counterweights,  1732,  1792 
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CouplinRs.  1101.  1729,  1730 

Court  sottlomciit,  1617 
(^ovor-plates  for  plate-girder  flanges, 

areas,  426,  429 

centres  of  gravity  of  flanges,  427 

flange  sections,  422-428 

full-length  i)lates,  need  for,  428 

lengths,  detenniiuition  of,  440—444 
extra  at  ends,  440,  443,  444 

rivet  heads  in,  undesirability  of,  428 

rivet  pitches,  437 

weights,  426 
Cover-plates  for  truss  members,  274,  428 

compression     members     tliicknesses    of, 
1677 

widths  of,  498 
Covers  for  machinery,  1731 
Cowing  bascule,  712 
Cradling  of  cables,  21 
Crane  in  machinery  house,  1734,  3,802 
Creosoted  timber,  775 

block  pa^^ng,  1806 

piles,  775,  1013 

weights  of  95, 
Cribs,  975,  977 

bracing  for,  1049 

reinforced-concrete,  974 

timbers,  1048 
Crimping,  332 

stiffening  angles.  328,  421,  1203 
Criterion, 

economics  of   bridge  layouts,  1189 

maximum  bending  moment,  164 

maximum  shear,  162,  164 
Critical  section  for  pure  shear  and  diagonal 
tension  in  beams,   positions  of, 
836 
Critical  speeds,  124,  126 
Critical  velocity,  1127 
Criticizing  another  engineer's  work,  1621 
Cross-dykes,  1061 
Cross-frames  near  expansion  pockets,  398 

viaducts,  338 
Cross-girders, 

plate-girder  spans,  1669,  1672 

truss  spans,  1677 
Crossings,  right-angled,  1090 
Crown  hinge  for  arch  bridge,  646 
Crowning  of  roadways,  372,  373 
Culverts,  1043,  1864 
Curbs,  373,  374 
Curbs  on  embankments,  1837 
Current  measurements,  1148 
Current  meters,  1148 
Curvature  of  channel,  1058 
Curvature  of  top  chords,  480,  1176 
Curvature  of  truck 

adjustment  of  track  for,  138 

clearance  diagrams  for,  147 

effects  of,  132 


Curvature  of  track, 

effects  of, 
chords,  145 
deck  spans,  144 
floor-beams,  141 

equalizing  stresses  for,  146 

reversion  of,  133 
Curved  approaches,  1091 
Curved  flanges  of  plate-girders,  437 
Curved  members,  272 

top  chords,  479,  480,  487,  488 

trusses,  1071 
Curves,  clearances  on,  1638 
Curves  on  approaches,  1212 
Curves,  reverse,  1212 
Cushions    for   wood-block    pavements,   368, 

369 
Customs  duties,  1755 
Cut  spikes,  362 
Cuts,  beveled,  328 
Cutting  edges,  987,  999,  1050 
Cutting  of  pipe,  1100 
Cutting  rates,  1605 
Cylinder  piers,  1025,  1026,  1054,  1056 

bracing  of,  1026,  1055 

strengthening  of,  1530 

telescoping  of,  1026 
Cypress,  52 


Daily  labor,  limits  of,  1756 
Daily  records,  1476 
Daily  reports,  1485 
Damages,  1766 

liquidated,  1876 
Dams,  974 

freezing  process,  974 
Danger,  facing  by  engineer,  1617,  1618 
Danger  from  fire,  348 
Danube  River  bridge  designs,  1178 
Danube  River  timber  arch  bridge,  10 
Dapping  guard  timbers,  364 

ties,  359,  360 
Data,  collection  of,  1082 

full,  1629 

necessity  for  obtaining,  271 

required   for   designing  bridges,   trestles, 
and  viaducts,  1081 
Dating  of  contract,  1567,  1886 
Day  labor  method,  1582,  1583 
Dead  loads,  94,  956,  1376,  1649 

arches,  96 

assumptions  required  in  determining,  94, 
95 

checking  of,  1377 

distribution  of,  94 

extraneous,  94 

unit  weights  of  materials  for,  95,  956 
D6bris,  removal  of,  1769 
Decay  of  foundation  piles,  970 
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Deck  bridges, 

bottom  lateral  systems  for,  404 

effect  of  track  curvature  on,  144 

sections,  493 

sway  bracing  of,  1642,  1643 
Decoration,  1162 

by  means  of  paint,  1177 
Deep   foundations,   allowable   pressures  on, 

965,  966 
Defense  of  lawsuits,  1567 
Defining  contractors'  duties,  1553 
Definitions, 

"  Engineer,"  1886 

navigable  waters,  1137 

terms,  1882 
Deflecting  sheaves,  1726 
Deflections,  227-249 

continuous  beams,  230 

defined,  228 

floor-beams,  bending  stresses  due  to,  206 

graphic  method  of  figuring  249 

provision  against  excessive,  1674 

reinforced-concrete  beams  and  arches,  842 

straight  beam,  228 

swing  spans  1692 

trusses,  238 
Deflectometer  122 

Deformation  of  chords,  strebses  due  to,  208 
Deformation  test  Hildreth's,  1438,  1439 
Deformed  bars, 

origin  of,  28 

weights  of,  799 
Degrees,  utilization  of,  1626 
Delays,  1885 

Delays  in  completion  of  contract,  1884 
Demurrage  and  cartage,  1766 
Deposit  check  and  forfeiture  thereof,  1881 
Depreciation  rate  of  1527 

formulae  for,  1527,  1528 
Depths 

economic,  for  plate-girders,  419,  420 

effective,  1640 

foundations,  1857 

plate-girder  webs,  determination  of,  419— 
421 

truss  members  494  495 

trusses, 

economic,  1184 
excessive,  1176 

viaduct  girders,  329 
Derrick  car,  34 
Derrick  for  borings,  1097 
Description,  general,  1743 
Designing.     See  also   Diagrams  and  Tables 
for  designing. 

arch  spans  and  piers,  940 

anchor  bolts,  stresses  in,  304-309 

base  of  retaining  walls,  1036,  1038 

base  plates,  eccentric  loads,  304-309 

column  footings,  936 


Designing, 

eccentric  loads, 

base  plates  and  shoes,  304-309 
pile  groups,  Eq.  24  and  26,  300 
rivet  groups,  298-301 
stresses  in  anchor  bolts,  304-309 
general  limits  for,  1661,  1662 
general  principles  in,  1662,  1665 
I-beam  bridges.     See  also  Plate-girders, 
general,  460 

highway,  463,  464,  1668 
railway,  460-463,  1667 
plate-girder  bridges,  460-467,  1668-1671 
general,  460 
highway,  467 

raUway  deck,  464,  465,  1668-1671 
railway  through,  464-467,  1668-1671 
end  details,  464,  467 
plate-girders,  411-460,  1668-1671 
cover-plate  lengths  440-444 
depth  of  web,  419  420 
end  bearings.     See  Shoes, 
end  details,  444^47,  464,  467,  1670 
flange  proportioning,  421-432 
cover-plates.  422^28 
no  cover-plates,  428-431 
splices,  421,  422 
lengths  of  cover-plates,  440-444 
moments,  411-419 
reactions,  411-419 
rivet  pitches,  432-441 

component  parts  of  flanges,  437- 

438 
curved  flanges,  437 
inclined  flanges,  433-436 
variation  throughout  flange,  438- 

441 
vertical  loads,  436 
shears,  4114419 
shoes,  452^60 

fox-bolts,  453,  454,  457 

masonry  plates,  453 

rocker  and  roller  shoes,  455-458 

size  of  base,  457 
rocker  sliding  shoes,  454,  459 
sliding  bearings  on  steelwork,  458 
sliding  cast  bases,  454 
types  of,  453 
stiffeners,  end,  444-447,  464,  467, 1670 
stiff eners,  intermediate,  421,  430,  1670 
web,  419-421 
web-splice,  447-452 

detailed  design,  450-452 
loads  on,  447,  450 
types  of,  447-449 
reinforced-concrete  bridges,  specifications 

for,  959 
reinforced-concrete  columns,  936 
riveted  tension  members,  296 
slabs,  918 
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Designing, 

steel   superstructures,  specifications   for, 
1632 

steel  trestles,  251 

timber  lieatus, 

beiidiiiK,  ;W3,  304 
shear,  302 

unit  stresses.     See  Tables  for  designing. 

wall  footings,  939 

weight     of     steel     superstructures.     See 
Weights  of  steel  superstructures. 
Designing  Department,  1389 
Designing  for  gun-fire  contingency,  1077 
Desmond,  T.  C,  1010 
Detail  drawings,  1759 

preparation  of,  1379,  1380 
Detailing  (see  also  Diagrams  and  Tables  for 
detailing),  283,  1394 

columns,  1684 

development  of,  30 

general,  281 

I-beams.     See  Designing. 

importance  of,  280,  281 

joints,  518 

open-webbed,  riveted-girder  spans,  1674 

piers,  1007 

pin-connected  highway  spans,  1683 

pin-connected  railway  spans,  1681 

plate-girder  spans,  1668, 1669,  1670, 1671 

pneumatic  caissons,  1007 

railway  trestles   and   elevated   railroads, 
1683,  1684 

riveted-truss,  highway  spans,  1680 

riveted-truss,  railway  spans,  1675 

rolled  I-beam  spans,  1667,  1668 

trusses,  492,  503 
Details  of  trusses,  percentages  of,  1227, 1239, 

1240,  1241 
Details,  tests  of,  1776 
Deterioration  of  bridges,  1522 

by  rusting,  1517 
Determination  of  areas  of  waterways,  data 

for,  1109 
Determination  of  centre  line  of  rib,  863 
Determination  of  layouts,  1210 
Determination  of  probability  of  scour,  969 
Detroit-Superior    Bridge,    Cleveland,    Ohio, 

631,  632 
Development, 

American  bridge  engineering,  19 

bridge  materials,  16 

detailing,  30 

highway  bridge  building,  1532 

reinforcing  bars,  963 
Diagonal  tension,  reinforced-concrete,  961 
Diagonals  of  trusses,  sections  for,  1675,  1681 
Diagrams  for  designing,  detailing,  and  esti- 
mating, 

arch  ribs,  values  of  n  and  r,  640 

centrifugal  force  from  curved  track,  137 


Diagrams  for  designing,  detailing,  and  ».Jti- 
mating, 
clearance  diagrams, 

tangent,  through  bridges,  484 
tracks  on  curves,  147 
columns,  points  of  contraflexurc  in,  294 
costs.     See  also  Costs. 

comparison  of  carbon  and  nickel  steel, 

65,  66,  81,  86,  87 
concrete,  materials  for,  1357,  1358 
power    equipment,  movable    bridges, 

681 
railway  abutments,  1199 
railway  embankments,  1195,  1196 
trestles,   wooden,  railway,  1197,  1198 
draw  spans, 

percentage  of  weight  of  simple  span, 

1249 
reactions  for  balanced  loads  on  rim 

bearing,  690 
reactions  for  centre  bearing,  691 
earth  pressures  on  retaining  walls,  1034 
I-beams  for  railway  spans,  461 
impact  coefficients, 

electric  railway  bridges,  130 
highway  bridges,  131 
railway  bridges,  129 
lacing,  287,  288,  289 
loads, 
hve, 

end  shears,  electric  railway,  109 

end  shears,  railway,  104 

engine  diagram.  Class  50  loading, 

163 
equivalent    uniform,    for    electric 

railway  bridges,  110-116 
equivalent    uniform,    for    railway 

bridges,  105,  106 
road  rollers  and  motor-trucks  for 

highway  bridges,  118 
uniformly  distributed,  for  highway 

bridges,  117 
wheel    loadings,    electric    railway 

bridges,  107 
wheel    loadings,    railway    bridges, 
103 
traction,  for  railway  bridges,  157 
wind, 

area   of   railway   bridges   exposed 

to  wind,  153 
Duchemin's    formula  for  incUned 

surfaces,  150 
highway     and     electric     railway 

bridges,  154 
railway  bridges,  151 
net  sections  of  riveted  tension  members, 

295 
plate-girders, 

economic  depths,  420 
flange  sections,  422 
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Diagrams  for  designing,  detailing,  and  esti- 
mating, 
plate-girders, 

net  areas  of  flanges  composed  of  2L* 

and  cover-plates,  429 
rivet  pitches  for  combined  shear  and 

direct  load,  439,  441 
shears  throughout  spans,  413,  415 
points  of  contraflexure  in  braced  columns, 

294 
rainfall  and    run-off     throughout  U.   S., 

1116 
reinforced  concrete, 

arches,  approximate  calculations, 
moment    coefficient    Cm    for    live 

loads,  870 
moment  of  inertia,  841 
point    of     contraflexure    for   arch 
shortening      and      temperature 
stresses,  870 
temperature-stress    coefficient    C/, 
871 
beams,  columns,  and  slabs,  design  of, 
columns  under  direct  stress  only, 

819 
double-reinforced  beams,  802-804, 
flexure  and  direct  stress,  822,  827, 

831 
moment  of  inertia,  840,  841 
rectangular  beams,  797,  798 
slabs  and  small  beams,  798 
T-beams,  809,  811 
variable  depths,  817 
web  reinforcement,  835 
concentrated  leads,  distribution  over 
slabs,  853 
arrangement  of,  854 
continuous  girder  moment  coefficient, 
845 
value  of  k  -  h?  and  2k  —  3k^  +  k\ 
843 
forms,  pressure  of  concrete  on,  940 
quantities.     See  Quantities, 
retaining  walls,  quantities, 
plain,  1319 
reinforced,  1318 
rivets,  diagram  for  number  required,  619, 

520 
skew-span  arrangements,  485,  487 
superelevation  of  track  on  curves,  135 
tension   members,  riveted,    net   sections, 

295 
timber  beams,  303 
trestles,  railway 

economic  span  lengths,  1269,  1270 
maximum  loads  on  tops  of  pedestals, 
1263 
trusses, 

section    of    members,    pin-connected 
spans,  530 


Diagrams  for  designing,  detailing,  and  esti- 
mating, 
trusses, 

sections   of   members,    riveted   spans. 
490 
weights     of     steel     superstructure.     See 
Weights  of  steel  superstructures. 

Diameters  of  pins,  531 

Diaphragms,  506,  507 

truss  members,  498,  506,  507,  531 

Dictation,  1630 

Dies  and  punches,  sizes  of,  1422 

Differences  of  opinion,  1765 

Dignity  of  profession,  1607 

Dikes,  1866,  1867,  1868 
spur,  1058 
training,  1060 

Dimensioning  for  camber,  751 

Dimensions,  standard,  332 

Diplomacy  in  testing,  1470 

Direct-current  electric  motors,  1793 

Directions  to  contractor,  1765 

Direct  measurements,  1457 

Direct  tension  on  rivets,  276 

Disc  piles,  1012 

Dishonesty,  punishment  for,  1631 

Disposal  of  boring  outfit,  1107 

"  Disputed    Points    in    Railway-Bridge    De- 
signing," 120,  161,  282 

Distance  between  central  planes  of  stiffening 
trusses  in  suspension  bridges,  656 

Distribution    of    concentrated    loads    over 
slabs,  852 

Distribution  of  metal  in  compression  mem- 
bers, 274 

Dividing    line    between    specifications    and 
contracts,  1557 

Dixville,  Kentucky,  Bridge,  25 

Docks  for  caissons,  994 

Dolphins,  780,  782,  1866 

Dominion  Bridge  Co.,  612 

Don  River  Lift  Bridge  at  Rostoff,  Russia, 
740,  742 

Doric  order,  1153 

Double-cancellation  for  lateral  systems,  390 

Double-concentration  method,  170 

Double-intersection     triangular    truss,    468, 
471 

Double-rotating  cantilever  draws,   665,  666 

Double-shaft  piers,  walls  of,  1052 

Double-track  railway  bridges,  live  loads  for, 
107 
weights  of  metal   in,   1226,   1226,   1237- 
1248,  1266,  1268,  1269 

Doubling  up  old  spans,  1066,  1528 

Douglas  fir,  52,  776 

Down-spouts,  353,  1836 

Drainage, 
basins,  373 
curb  and  gutter  drains,  373 
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Drainage, 

floor.  352,  372,  373 

RratinRs,  373 

holes,  1731 

pavements  and  roadways,  1835,  1836 

pivot  piers,  697 

rail  grooves,  373 

sidewalk,  373 
Drain  pipes,  352,  373 
Draw  bridges,  684,  1686 

double,  rotating  cantilever,  665,  666 

economic  functions  of,  1194 

electricnl  operation  of,  679 

gates  for,  1068 

horizontal  folding,  665 

loads  for,  1687,  1688,  1689 

protection,  779 
cost  of,  779 
designing  of,  779 
omission  of,  779 
timber  crib  type,  780 

pull-back,  666,  667 

reactions  for  centre-bearing,  691 

rest  piers  for,  779 

shear-pole,  665 

styles  of  trusses  for,  1686 

trusses,  1691 
Draw  for  laterals,  391 
Drawings, 

accompanjdng,  1758 

checking  of,  1382,  1383,  1384,  1395 

cleaning  of,  1387 

contents  of,  1381 

detail,  1759 

determination   of  required   drawings, 

1393 
preparation  of,  1378,  1380 

filing  of,  1386 

laying  out  of,  1381 

mailing  of,  1398 

making  of,  1378 

numbering  of,  1396 

records  of,  1396,  1397 

reinforced-concrete  construction,  1382 

shop,  1409 

time-record  for,  1408 

titles  for,  1381 

working,  1380,  1759 
Dredges,  992 

Dredging  machine,  origin  of,  12 
Dressing  for  ropes,  1791 
Drifting,  1781 

Drifting  tests  for  steel,  1775 
Drilling,  327 

bed-rock,  1103 

core,  1094 

solid,  334 
Drill  pipe,  turning  of,  1102 
Drill  points,  1094 
Drippings,  brine,  428 


Drive  caps,  1100 

Drive  head  for  borings,  1095,  1101 

Driving  piles,  1014,  1855 

cost  of,  1019 

long  piles  with  water  jet,  1017 

through  clay,  1010 
Drop  hammer,  1014 
Drums, 

operating,  1725 

rim-bearing  swing-spans,  1692 
bearing-blocks,  1694 
designing,  691,  692 
girders,  1694 
Ductility  test  for  asphalt,  1818 
Duluth  Bridge  design,  667 
Duluth  Transporter  Bridge,  672 
Dumb-bell  piers,  1023,  1052 
Dun,  James,  1111,  1112 
Dun  waterway  table,  1111,  1112 
Duplication,  1202 
Durability  of  piling,  1013 
Durability  of  plate-girder  spans,  409 
DiisseldorfF  Bridge,  626 
Dust-covers,  1731 
Dust  guards  for  rollers,  456 
Duties,  customs,  1755 
Duties  of, 

bridge  engineer  to  himself,  1631 

bridge  engineer  to  his  clients,  1628 

bridge  engineer  to  his  contractors,  1630 

bridge   engineer    to    his    employees,    and 
theirs  to  him,  1629 

bridge  engineer  to  the  profession,  1622 

bridge  engineer  to  the  public,  1631 

employees,  1630 
Dykes.  See  Dikes. 
Dynamiting, 

caissons,  993 

piles,  1015 

pipe,  1098 


Eads  Bridge,  St.  Louis,  25,  27,  620,  621 

estimate  of  cost  of,  1351-1353 
Earning  capacity,  reports  on,  1574 
Earth, 

dams,  973 

embankments,  1865 

resistance,  experiments  on,  966 

thrust,  1034 

weight  of,  96 
East  Dart  Bridge,  5 
East  Omaha  Bridge,  693,  694,  697,  1174 

driving  piles  for,  1016 

piers,  1027 

righting  of,  1073 

protection,  1063 

temporary  layout  for,  1073 
Eccentric  loads, 

base  plates  and  shoes,  304-309 
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Eccentric  loads, 

pile  groups,  Eqs.  24  and  26,  page  300 

rivet  groups,  29&-301 

stresses  in  anchor  bolts  from,  304-309 
Eccentricity  at  joint,  effect  of,  205 
Eccentricity  of  chord  pins,  effect  of,  340 
Eccentricity  of  track,  effect  of,  132 
Economic  comparisons, 

arches  and  girders  in  reinforced-concrete 
construction,  1205 

bascules  and  vertical  lifts,  1208 

cantilever  and  suspension  bridges,  1206, 
1207 

designs,  1182 

steel  and  reinforced-concrete  bridges,  1205 

wooden     and    reinforced-concrete    floors, 
1205 
Economic  criterion,  1189 
Economic  depths,  cantilever  bridges,  589 

plate-girder  webs,  419,  420 

stiffening  trusses,  655 
Economic  lengths, 

anchor-arms,  1199 

anchor-spans,  1200 

panels,  1187 

reinforced-concrete  trestles,  1191 

spans,  1187 

suspended  span,  1198 
Economic  questions,  minor,  1192 
Economic  span  lengths, 

reinforced-concrete  trestles,  1327 

steel  railway  trestles,  1259 
Economics, 

alloy  steels  in  bridgework,  79,  80 

approaches  to  bridges,  1193 

arches,  636,  1191 

as  affecting  layout,  1217 

bridge  repairs,  1525 

cable  rise,  656 

cantilever  bridges,  1198 

cantilevers,  570,  580,  581,  585,  591 

column  spacing,  1194 

elevated  railroads,  1189 

erection  considerations,  1201,  1204 

half-through  plate-girder  spans,  410 

I-beam  spans,  railway,  410 

medium  steel,  1200 

movable  spans,  1208 

plate  girders,  1184,  1185 

plate-girder  spans,  railway,  409,  410 

reinforced-concrete  bents  for  steel  trestles, 
1205 

remforced-concrete  bridges,  1189 

silicon  steel,  89 

simple  trusses  and  cantilevers  compared, 
1200 

standard    and   leaat   expensive   sections, 
1201 

superstructure  design,  1182 

swing  spans  and  bascules,  1208 


Economics, 

swings  and  vertical  lifts,  1208 

trestles,  1189 

trusses  -with  parallel  chords,  1183 

trusses  with  polygonal  top  chords,  1184 

vanadium  steel  bridges,  86 
Economy  in  bridge  design,  269,  1182 
Economy    in    designing    combined    bridges, 

344 
Economy,  study  of  1629 
Eddies,  1061 
Edge  distance  of  reinforcing  bars,  minimum, 

962 
Edges,  sheared,  1780 
Effective  bearing  areas,  1658 
Effective  depths,  1640 
Effective  lengths,  1639 

reinforced-concrete  structures,  960 
Efficiency,  functional,  1162 
Efficiency  of  two-angle  sections,  293 
Egyptian  bridges,  9 

Ejection  of  fine  material  from  caissons,  999 
Elastic  arch,  11 

theory  of,  15 
Elastic  hmit,  265 
Elasticity  (coefficients  of)  for  concrete  and 

stone,  959 
Electric, 

brakes,  1705 

cables,  1795 

furnace  at  South  Chicago,  Illinois,  77 
Worcester,  Massachusetts,  77 

lights,  1177 

motors,  1702,  1703 

alternating-current,  1793,  1794 
direct-current,  1793 

operation,  movable  bridges,  1702-1708 

power  wiring  and  electric  cables,  1795 

process  for  steel,  76 

steel  rails,  77 

steel,  status  of,  78 
Electric  railway  bridges,  Live  loads  for,  107 
Electric   railway  tracks,   superelevation   for, 

134 
Electric  railway  trestles,  weights  of  metal  in, 

1269 
Electric  siren,  1801 
Electrical  equipment  1792 
Electrical  operation  of  draw  bridges,  679 
Electro-metallurgical  process  of  manufactur- 
ing steel,  72 
Elevated  railroads,  548-567,  1685 

anchorages  for,  551 

columns,  types  of,  552 

crimping  of  web  stiffening-angles  for,  552 

aepths  of  girders  for,  558 

details  of,  560-563,  1683,  1684 

distance    between    expansion    pointa   in, 
552 

•coDomic  spaa  lengths  of,  551,  567 
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Elevated  railrofids, 

oconomios  of,  1189 

elevators  for,  549 

escalators  for,  549 

expansion  girders  for,  563 

expansion  pockets  for,  565,  566 

faults  in  existing,  553-557 

floors  for,  550,  562 

girders,  tj-pes  of,  552 

latest  improvements  in,  559 

layouts  for,  1372 

live  loads  for,  550 

locations  of  platforms  on,  549 

paper  on  by  author,  549 

pedestal  caps  for,  551 

pedestals  for,  562 

rapid  transit  on,  548 

stations  for,  549 

superelevation  on  curves  in,  552 

tracks  for,  557,  558 

weights  of  metal  in,  559,  565 
Elevations,  1471 

tops  of  pier  bases,  1051 
Elevator,  hydrauhc,  992 
Elevators  for  elevated  railroads,  549 
EUet,  Charles,  21 
Ellipse  of  elasticity,  method  of  arch  design, 

863 
Elliptical  ribs  for  reinforced-concrete  arches, 

872 
Embankments,  earth,  1865 

pavement  and  curbs  on,  1837 
Emphasizing  functions  of  parts  of  structures, 

1154 
Employees, 

duties  of,  1630 

insurance  of,  1609 

retaining  of,  1609 

selection  of,  1608 

treatment  of,  1607 
Encasing  of  metal  in  concrete,  769 
Encasing  pile  heads,  968 
Encountering  obstacles,  1860 
End  bearings.     See  Shoes. 
End  bracing  frames,  394 
End  cross-frames  in  viaducts,  338 
End  details,  plate-girder  spans,  444-447,  464, 
467,  1670 

connection  angles,  end,  444-446 
setting  to  exact  position,  444 

stiffeners  over  bearings,  446,  447,  1670 

through  railway  spans,  464,  467 
End  floor-beams,  293,  1641,  1642 

connections,  399 
End  lifts  for  swing-spans,  695,  1717 

machinery  for,  1724 
'  End  post, 

bending  on,  1660 

sections  for,  492,  498,  1675, 1681 

vertical,  481,  486 


End  shears, 

diagrams  for,  104,  109,  165 

plate-girders,  calculation  of,  412,  414,  416 
Endorsement  of  assistants,  1627 
Engine  service,  1754 
Engineer,  definition  of,  1886 
Engineering, 

contracts,  1557 

ethics,  1619 

fees  on  bridgework,  1601 
Engineering  of  construction,  1466 
"  Engineering  Specifications  and  Contracts," 

1557 
Engineer's  field  office,  1768 
Engines,  gasoline,  1708,  1802 
Enlargement,   future,    as    affecting    layout, 

1215 
Enlarging  pier  bases,  971 
Ensink,  J.,  634 
Entering  connections,  335 
Equahzers,  693,  1719 

levers  and  pins,  1792 
Equalizing  stresses  due  to  curvature,  146 
Equilibrium  of  soils,  1010 
Equipment, 

core  drilling,  1098 

erection,  1507 

field  engineer,  1488,  1489 

machinery,  1708 

power,  1702-1708 

wash  borings,  1094 
Equity,  1589 

Equivalent  total  first  cost,  1182 
Equivalent  uniform  live  loads, 

diagrams  for,  105,  106,  111-116,  166 

floor-beams,  168 

stress  computation,  164,  165 

stringers,  166 

trusses,  168 
Erasures  in  contracts,  1570 
Erection, 

affecting  economics,  1204 

arches,  618 

barges  for,  1849 

cantilever  method  of,  31,  1503,  1504 

City  Waterway  Bridge  at  Tacoma,  1075 

considerations  as  affecting  layout,  1216 

designing  for,  334 

economics  in,  1201 

equipment,  1507 

evolution  of  methods,  31 

expenses,  1365,  1366 

falsework,  1501 

floatation  method,  34,  1503,  1510 

floating  barges  for,  1076 

floor  system,  330,  335 

gallows  frames  for,  1512 

launching,  1506 

methods  of,  1501 

organization  for,  1506,  1507 
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Erection. 

rolling  lift  bridges,  335 

shelves,  330 

specifications  for,  1741 

starting  of,  335 

steel,  1848 

suspension  bridges,  1506 
Ericson,  John,  716 
Erosion  of  banks,  1059 

effect  of  wave  action  on,  1059 
Errors, 

connections,  correction  of,  1849 

final  position  of  piers,  allowance  for,  987 

limits  of,  in  structural  steel,  1784 
Escalators  for  elevated  railroads,  549 
Essential     elements     of     contracts,      1558, 

1559 
Essential  elements  of  plate-girders,  411 
Estimates  (see  also  Diagrams  and  Tables  for 
estimating),  1348 

caution  concerning,  1369 

checking  of,  1361 

engineer  of  a  bridge  manufacturing  com- 
pany, 1364,  1365 

final,  1483 

guaranteeing,  1624 

kinds    made    by    consulting    bridge    en- 
gineers, 1362 

liberality  in,  1360 

list  of  expenses  for  preparing,  1349 

monthly,   1479-1483,  1489 

railway  profiles,  as  basis,  1361 

requisites  for  preparing,  1348 

time  for  completion,  1363 

weights  of  metal,  279 
Ethics, 

bridge  engineering,  1619,  1621,  1622 

code  of,  1631 
Ethiopian  bridges,  9 
Etruscan  bridges,  7 

Etude   Economique   de   VEm.ploi  de   L'Acier 
au  Carbone  a  Grande  Resistance 
pour  la  Construction  des  Pants, 
73 
Euboea  Bridge,  6 
Euler's  formula,  14,  258 
Euphrates  River  Bridge,  9 
European  and  American  practice  compared, 

1181 
Evidence  of  experience,  1878 
Evolution, 

American  bridge  designing,  29 

bridge  engineering,  1 

erection,  31 

materials  for  bridges,  16 
Examination  of  bridges,  1614 
Examples  of  application  of  curves  of  bridge 

weights,  1292 
Excavation,  1869 

caissons  and  piers,  1000,  1001 


Exca^-ation, 
cost  of,  1354 
inspection  of,  1448 
Excluder  pigment,  765 
Expansion,  275,  1067,  1644 
joints,  210,  211,  374 

clearance  at,  332,  459 

concrete  structures,  212 

gap  bar  for  rails,  356 

girders  in  reinforced-concrete  bridges, 

937 
lateral  system,  1067 
paving,  368,  370,  1832 
plates  for  floors,  374,  1836 
pockets,  546,  1685 

floor-beams,  377,  378 
retaining  walls,  1037 
trestles,  location  of,  539 
rollers  for  truss  spans,  1679 
Expedients,  definition  of,  1065 
Expedients   in   designing   and   construction, 

1065 
Expense  items, 

bridge  project,  1349 
erection,  1365,  1366 

estimates    of    an    engineer    of    a    bridge 
manufacturing    company,     1364, 
1365 
substructure  construction,  1366,  1367 
Experience,  evidence  of,  1878 
Experiments  on  earth  resistance,  966 
Expert  bridge  engineer,  39 
Expert  services,  1627 
Expert  testimony,  1624 
Extension  plates,  tables  for,  310 
Extensometer,  122 
Extra  cost  of  wide  plates,  327 
Extras,  1565 
Eye-bars,  1785 
heads,  1683 
Mayari  steel,  70 
nickel  steel,  61,  93 
tests  of,  1775 


Face  walls  of  retaining  walls,  designing  of, 

1037 
Faces,  plastering  of,  1044, 
Facilities  for  storage,  1753 
Factor  of  safety  for  piles,  1010 
Failures  of  bridges,  37,  1539-1547 

highway  bridges,  1547 
Fairbairn,  William,  17 
Falling  span,  shock  of,  1077 
False  bottoms  for  caissons,  994 
False     Creek,    Vancouver,    bridges,    girders 

and  floors  for,  1205 
False  evidence,  1628 
Falsework,  1601,  1769 
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Falsework, 

carrjanK  trains,  1849 

cost  of,  1369 

piles,  1602 

reinforced-coiicrete  bridges,  946 

washout  of,  1201 
Falsifying  reports,  1628 
Falsities,  1156 
Falsity  in  detailing,  1160 
Fanning  of  tracks,  5.37 
Fanning's  formula,  1113 
Fascines,  1060 

cellular,  1061 

sink,  1061 
Fatigue  of  metal,  255 

Faults  in  existing  elevated  railroads,  553-557 
Favoritism  in  specifications,  1654 
Fees.  1601 

determination  of  in  advance,  1628 

inspecting  bridges,  1519,  1520 

per  diem,  1604 

promotion,  1607 
Felt,  51,  351 
Fender  piles,  780,  782 

Ferro-nickel,  use  of  in  making  nickel  steel,  68 
Field-glasses,  1461 
Field  riveting,  276,  1782 
Fieldwork,  329 

correspondence,  1479 

equipment   for   resident   engineer,    1488, 
1489 

inspection,    author's    methods    of,    1445, 
1446,  1447 

inspection  of  materials,  1467 

instructions  for,  1475 

notes,  1478 

notice  of  commencement  of,  1768 

office  of  resident  engineer,  1768 

records,  1475,  1476 

reports,  1475,  1476 
Fifteenth  Street  Bridge  over  the  Blue  River 

at  Kansas  City,  942 
Fijeenord  Bridge,  700 
Files,  1407 

calculations,  1408 

catalogues,  1411 

checking  prints,  1410 

construction  records,  1410 

correspondence,  1411 

drawings  and  other  papers,  1386 

shop  drawings,  1402,  1411 

tracings,  1396,  1409,  1410 
Filler, 

asphalt,  1835 

asphalt  pavement,  1812 

coal  tar,  1834 

pitch  and  stone,  368 

sand,  368 
Fillers  under  ends  of  stringers,  302,  376 
Filling,  back-,  1864 


Filling  caisson,  995 

column  feet,  1840 

wells,  996 
Final  estimates,  1483 
Final  inspection,  1764 
Final  quantities,  record  of,  1485 
Finish  of  roinforced-concrctc  work,  953 
Finish  of  rolled  steel,  1776 
Finished  concrete,  care  of,  952 
Finished  design,  checking  of,  280 
Finishing  coat  of  paint,  766 
Fink,  Albert,  23,  471 
Fink  truss,  24,  468,  472 
Finley,  James,  21 
Fir,  Douglas,  52 
Fire,  danger  from,  348,  1206 

protection  from,  1844-1846 
First-class  m^isonry,  1862 
First  cost, 

equivalent  total,  1182 

minimum,  1182 
First  principles  of  designing,  267 
Firth  of  Forth  Bridge,  593,  594 
Fisher,  S.  B.,  725 
Fitness,  inherent  sense  of,  268 
Fitting  of  stiffeners,  331 
Flange  couplings,  1730 
Flange  sections  for  stringers,  328 
Flanges  of  cantilever  beams,  380-382 
Flanges  of  channels,  turned  in,  339 
Flanges  of  plate-girders,  421-444 

areas,  423-426,  429,  430 
calculation  of,  432 

centres  of  gravity,  424,  427 

cover-plate  lengths,  440-444 

make-up  of  sections,  422-430 
cover-plates,  422-428 
no  cover-plates,  428,  430 

rivet  pitches,  432-441 

section,  determination  of,  433 

splices,  421 

unsupported  lengths,  431,  432 
Flaring  sides  of  caissons,  1001 
Flash  test  for  asphalt,  1820 
Flats,  47 
Fleming,  R.,  304 

Floatation  method  of  erection,  34, 1603, 1610 
Floating  bridges,  674,  675 

swing  span,  684,  1073 
Flooding  of  cofferdams,  979 
Floods,  magnitude  of,  1110 
Floor-beams, 

bending  stresses  due  to  deflection  of,  206 

brackets,  378,  379,  380,  395 

connections,  378 

deck  spans,  493 

effects  of  track  curvature  on,  141 

end,  293,  354,  1641,  1642 

equivalent  live  loads  for,  168 

expansion  pockets,  377-378 
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Floor-beams, 

fillers  for  stringers,  376 
shelf  angles,  377 
skew  spans,  485—488 
Floor  systems, 

arrangements  for  various  traffic,  364 
classes  of,  346 
design  of,  375 
erection  of,  330,  335 
floor-beams,  376,  377 
highway,  steel  stringers  for,  365 
open  deck  construction,  354 
protection  against  brine  drippings,  348 
reinforced-concrete  bridges,  943 
skew  spans,  354 
solid  deck,  for  truss  spans,  354 
stringers,  375,  376 
trough,  349 

vertical  curves,  556,  574 
wooden  bridges,  773 
Floors,  346 

ballasted,  347-350,  775,  1634 
advantages  of,  347,  348 
compared   with   other   types   of  thin 

floors,  348 
timber  flooring,  348,  349,  350 
track  elevation,  348 
versus  open  deck  for  railway  bridges, 
347 
bascule  bridges,  366 
basins  for,  373 
breaking  of,  374 

brick  pavements,  370 

buckled  plate,  370,  372 

cantilevering  of,  483 

comparison  of,  349 

countersinking  ties  for  hook  bolts,  366 

curbs,  373,  374, 

drainage  of,  352,  353,  372,  373 

expansion  plates,  374,  1836 

fillers,  sand  and  pitch,  368 

fireproofing  of  railway,  347,  348 

gratings  for,  373 

highway  bridges,  364-368,  1634, 1635 

nailing  shims,  366 

noiseless,  348 

open  deck  construction,  347,  348,  354 
shallow  floors,  353,  354 

paved,  1636 

paving  bases,  368-370 

pitch,  366 

plank,  365 
bases,  369 

railway  bridges,  346-364,  1633 

reinforced-concrete,  350,  351,  370 

shallow,  348-351,  353,  354,  493 

sidewalks,  372,  1836 

solid  deck  construction,  349-351 

stone  block  pavements,  370 

timber,  365,  366,  1633-1635 


Floors, 

track  elevation,  348-351 
treated  timber,  366 
trough,  349 

waterproofing,  351,  352,  369 
wearing  surface, 
olank  floors,  366 
wood-block  pavement,  368 
wood-block  pavement,  366-368 
on  grades,  368 
Fluxes  for  asphalt,  1810 
Flying  Pendant  Lever  Bridge,  20 
Folding  bridges,  668,  669 
"  Footballs,"  1597 
Footings, 
columns, 

calculation  of  stresses  in,  857—861 
design  of,  938,  939 

quantities  of  materials  in,  1325,  1328 
pedestal,  1028 
reinforced-concrete    trestles,    depths    of, 

1324 
spread,  1028 
square  columns,  830 
waU,  837 

calculation  of  stresses  in,  861,  862 
design  of,  939,  940 
Force  of  character,  1615 
Foreign  work,  1583 
Foresights,  1464,  1465 
Forfeiture  of  deposit  check,  1881 
Forged  shafting,  337 
Forgings,  1202,  1777 
Forked  ends,  1682 
columns,  285 

tables  for  intensities,  310,  323 
Form  of  contract,  1883 
Form  of  proposal,  1880 
Formation,  geological,  1093 
Forms,  1769 
cost  of,  1359 

reinforced-concrete  bridges,  947,  949 
removal  of,  952 
Forms  of  trusses  for  highway  bridges,  1614 
Forms  of  trusses  for  railway  bridges,  1640 
Formulae  for  truss  weights,  1281 
Fort  Leavenworth  Bridge  repairs,  1531 
Fort  Smith-Van  Buren  Lift  Bridge,  728 
Forth  Bridge,  574,  1725 
Foundation  considerations  as  affecting  lay- 
out, 1216 
Foundations,  964 
blasting  of,  983 
depths  of,  1857 
important  buildings  in  the  City  of  Mexico, 

970,  971 
inspection  of,  1448 
pedestals,  pressures  on,  1030 
piles,  969,  1860 
decay  of,  970 
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Foiindationa, 

tostiiiK  of,  1518 
FoundinK  of  pneumatic  caissons,  071 
Founding  piers  on  a  thin  crust,  970 
Four-annle  flanges  of  plate-girders,  437 
Four  moments,  theorem  of,  215 
Fowler,  Charles  Evan,  608,  610 
Fox-bolts,  45.3,  454,  457.  1786 
Fox,  Herman  H.,  783,  1387 
Fox,  S.  Waters,  1059 
Fracture  of  steel,  1775 
Framed  trestles,  773,  775 
bracing  of,  775 
limiting  heights  of,  773 
Framing  of  caisson  timber,  989 
Frankness,  1629 
Fraser  River  Arch  Bridge,  1170 
Fraser  River  (B.  C.)-  bridges,  577,  578,  629, 

635 
Fraser  River  Bridge,  New  Westminster,  B.  C. 
erection  by  floatation,  1503 
foundations,  983 
piles  for,  1017 
triangulation,  1463,  1464 
Fratt  Bridge,  Kansas  City,  31,  344,  723,  724 
chord  sections  of,  495,  496,  499 
description  of,  726 
illustration  of,  727 
rocker  shoes  for,  545 
secondary  stresses  in,  188 
shoes  for,  532 
Fratt,  F.  W.,  724 
Free  Bridge,  St.  Louis,  25,  26,  59,  91 

nickel  steel  for,  91 
Freedom  from  obstruction,  1090 
Freezing  of  dams,  974 
Freezing  of  mortar,  1044 
Freezing  process,  972 

for  cofferdams,  977 
Freezing  weather,  concreting  in,  951 

la^ang  masonry  during,  1864 
Freight,  routing  of,  1755 
French.  A.  \V.,  792 

French  scientists,  characteristics  of,  73 
Frequency  of  application  of  stresses,  275 
Friction  clutches,  1730 
Friction,  sUding,  1032 
Full-sized  eye-bars,  tests  of,  1775 
Full-sized  members,  tests  of,  1776 
Functions  of  parts  of  structures  emphasized, 

1154 
Functions  of  the  inspecting  engineer,  1415 
Funicular  polygon,  649 

Furnishing  of  materials  by  Purchaser,  1752 
Future  enlargement  as  affecting  layout,  1215 
Future  of  bridge  building,  35 


Galileo's  law,  14 
Gallows-frames,  1512 


Gap-bar  for  rails,  356 
Garabit  viaduct  (France),  626 
Gasconade  River  Bridge  failure,  1641 
Gas  fixtures,  1177 
Gasoline  engines,  1802 
borings,  1106 
movable  span,  1708 
Gas-pipe  railing,  383 
Gas  pipes  for  lighting  systems,  1842 
Gastmeyer,  118 
Gates,  1734 

draw  spans,  1068 
movable  bridges,  677,  678 
Gate-tender's  house,  1734 
Gauge,  355 

angles,  333 

indicator,  1735 

permissible  variation  in,  1779 

widening  of  track  gauge  on  curves,  355 
Gears,  1727 

design  of,  1710 

pitch  diameters  for,  314-321 

pitch,  diametral  vs.  circular,  337 
General  clauses  in  specifications,  1549,  1550 
General  description,  1743 
General  limits  in  designing,  1661,  1662 
General  principles  in  designing,  1662-1665 
"General  Specifications  for  Highway  Bridges 

of  Iron  and  Steel,"  1187 
Geographical    conditions    affecting    layoufi, 

1213 
Geological  formation,  1093 
"Getting  cold,"  1571 
Gift  stock,  1600 
Girders, 

continuous,  482 

depths  in  v-iaducts,  329 

drums  of  swing  spans,  1694 

flanges,  centres  of  gravity  of,  427 

plate.     See  Plate-girders. 

reinforced-concrete,  depths  of,  1324 

round-ended,  333 

spacing  of,  1637 

square-ended,  333 

towers,  338,  339 
Glacial  drift,  1093 
Glasgow  Bridge,  28 
Glossary  of  terms,  1892-2115 
Goheen  carbonizing  coating,  771 
Goldbeck,  A.  T.,  852,  857 
Golden  Horn  Bridge,  677 
Goodrich,  E.  P.,  784,  1010 
Gooseneck,  999 
Gordon,  Lewis,  14 
Gordon-Rankine  formula,  15 
Gordon's  formula,  14,  257 
Goss,  Prof.  W.  V.  M.,  726 
Gothic  arches,  11 
Government  contracts,  1562 

excessive  cost  of,  1368 
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Government  requirements  as  affecting  layout, 

1210 
Grace,  1151,  1152 
Grade  and  alignment,  1212 
Grades, 

changes  in,  356,  374,  1748 

highway  structures,  374 

pavements  on,  368,  370 

sags,  1091 
Gradient,  1765 
Grading  of  banks,  1059 
Graff,  C.  F.,  1584 

method  of  bidding  on  work,  1584,  1585 
Granitoid,  1855 

sidewalks,  1836 
Graphics,  158 

determination  of  stresses,  1377 

figuring  deflections,  249 

progress  records,  1489 

stress  computation,  158 
Graphite  paints,  767 

pigment,  766 
Grass-hopper  locomotive,  34 
Gratings  for  floors,  373 
Gratis  information,  1621 
Gravel,  54 

specifications  for,  1851 
Gra\aty  axes,  intersection  of,  273 
Gra\nty  lines,  meeting  of,  491 
Great  Bridge,  Boston,  19 
Great  Northern  Railroad  Vertical  Lift  Bridges 
over  the  Missouri  and  Yellow- 
stone, 737,  738 
Great  wall  arches,  9 
Greek  bridges,  5 
Greek  temples,  1153 
Griest,  Maurice,  562,  567 
Griffith,  J.  H.,  1010 
Grillages,  968,  1053 

plate-girder  spans,  459 
Grimm,  C.  R.,  178,  188,  216,  633 
Grips  for  rivets,  333 
Grooves,  drainage  of  for  rails,  373 
Grounds,  1797 

Grout  filler  for  brick  paving,  1833 
Grouting    foundations    by   pneumatic   pres- 
sure, 1066 
Grouting,  injection  of,  971 
Grouting  of  shoes,  459,  460 
Growth  of  steel,  332 
Groynes,  1058 
Grubenmann,  12 
Guaranteeing, 

estimates,  1624 

faithfulness,  1625 

mechanical  operation,  1624 

paint,  771 

pavement,  1816,  1839 

securities,  1599 
Guards,  1633,  1634 


Guards, 

dapping  of,  364 
machinery,  1731 
rails,  356,  363,  364 
timbers,  363 
trestles,  774 
Gudmundsson,  G.,  596 
Guides  for  vertical-lift  spans,  1722 
Gun-fire  contingency,  designing  for,  1077 
Gun,  pneumatic,  1023 
Gusset  plates,  491,  501,  518-529 

bottom  chord  joint,  Fratt  bridge,  526,  529 
O.  W.  R.R.  &  N.  Co.'s  bridge,  526,  527 
designing,  519,  522 

bending  and   direct  stresses,  520-522 
crushing,  519,  520 
example  of  hip  joint,  522-526 
shear,  520 

tearing  out,  519,  520 
top  chord  of  Fratt  bridge,  526,  528 
Gyration,  radii  of,  504 
Gyratory  lift  bridges,  669 

H 

H-sections,  48 

Hadfield,  Sir  Robert,  61,  90 

Half-dapping  for  camber,  752 

Half  pin-holes,  335 

Half-through   plate-girder   spans,    economics 

of,  410 
Halsted  Street  Lift  Bridge,  Chicago,  718-720 
Hamilton  Arch  Bridge,   New  Zealand,  627, 

629,  638 
Hand-brakes,  1704 
Handling  office  work,  1387 
Hand-mixing  of  concrete,  1854 
Hand-operation,  1702 

levers,  1731 

machinerj',  1789 
Handrails,  332,  382,  383,  1635 

aligning  of,  384 

connections,  field,  384 

flaring  ends,  1177 

gas-pipe,  383 

heights  of,  382,  383 

ornamental,  1177 

reinforced-concretc  bridges,  945 

steel,  1786 

structural,  383,  384 

timber,  383 
Hand  riveting,  329 

Hangers  of  trusses,  sections  for,  494, 495, 1675 
Hanging  of  caisson,  996 
Hardesty,  Shortridge,  638,  783 
Hardness  of  concrete,  testing  of,  953 
Harlem  River  Arch,  643 
Harmony,  1154,  1155 
Harpoon,  1062 

Harriman  System  Lift  Bridge  at  Portland, 
Oregon,  728,  730,  732,  733 
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Harrington.  John  T.ylo,  99,  724,  1573 

Haupt,  Herman,  15 

Havana  Harljor  Bridge,  proposed,   G12,  1156 

design,  1076 

nickel  steel  for,  60 

triangulation  system  for,  1461-1463 
Hawks,  A.  McL.,  1077 
Hawthorne    Avenue    Lift   Bridge,    Portland, 

Oregon,  724,  725 
Hay  steel,  57 
Headway  requirements  of  War  Department, 

1143 
Head-Wright  son  Co.,  675 
Hearings  by  Army  Engineers,  1142 
Heating  materials  for  concrete,  1044 
Heating  of  top  chords,  212 
Heat-treated  vanadium  steel,  84 
Heav'j'  Locomotive  Loadings  Ijy  Irwin,  104 
Hell  Gate  Arch  bridge,  27, 28, 31,  500,  625-627 
Hennebique,  18 
Hevia,  Horacio,  1157 
High-alloy  steel  rivets,  84 
High  and  low  bridges,  comparison  of,  663 
High  banks,  1090 
High  steel,  45,  88 
Highway  bridges, 

arch  ribs,  642 

clearances,  1639 

design  of  iron,  530 

failures,  1547 

floors,  364,  368,  1068,  1634,  1635 

grades  on,  374 

intensities  for,  257 

iron,  design  of,  530 

laterals  for,  406 

live  loads,  108,  117,  954,  1647 

main  members  of,  1642 

number  of  trusses  for,  483 

pin-connected,  1683 

plate-girder  spans,  1671-1673 

reinforced  concrete,  1536,  1537 

riveted-truss,  1680 

status  of  building,  1532 

styles  of,  1640 

trestles,  1644 

trusses,  forms  of,  1641 

A-iaducts,  1686 

wind  loads  for,  1645,  1752 
"HighwaiTiien,"    stories    concerning,    1533, 

1534 
Hildreth  &  Co.,  1412,  1520 

deformation  test,  1438,  1439 

instructions     to     inspectors,     1425-1429, 
1437,  1438,  1440-1442 
Hilton,  Charies,  29 
Hindoo  cantilever  bridges,  7 
Hinge  at  crown  for  arch  bridge,  646 
Hinge  plates,  335 
Hingeless  arches,  620,  621,  636 

temperature  stresses  in,  212 


Hinges  for  arches,  10 

Hinging  of  pedestals,  539 

Hinging  of  reinforced-concrete  arches,  941 

Hip  joint,  designing  of,  .523,  526 

History,    1-35 

l)ascule  bridges,  700 
highway  liridgc  building,  1532,  1533 
impact  determination,  120 
live  loads,  98 
movable  bridges,  663 
reinforced-concrete  bridges,  783 
Hodge,  Henry  W.,  59,  64,  91-93,  100,  102, 
643,  660,  1068 
highway  floor,  1068 
Hodgkinson,  Eaton,  14-17 

formula  for  long  columns,  14 
Hoisting  of  suspended  span  of  Havana  Har- 
bor Bridge,  1077 
Holes  for  rivets,  1781 
Hollow  piers,  1024 
Homer,  11 

Hoods  for  sheaves,  1722 
Hoogly  River  Bridge,  India,  675,  676 
Hooke's  law,  14 
Hool's  "  Reinforced  Concrete  Construction," 

863 
Horizontal  folding  draws,  665 
Horton,  Horace  E.,  1066 
Houses,  1840,  1841 
gate-tender,  1734 
machinery,  1733 
operator,  1734 
Howard,  E.  E.,  848,  865 
Howe,  Prof.  Malverd  A.,  617 
Howe,  William,  15,  20 
Howe  truss,  19,  20,  468,  472,  772 
Hubbell,  Clarence  W.,  1613 
Hubs,  1458,  1459 
Hudson,  C.  W.,  227,  231,  238 
Hudson  Memorial  Bridge  design,  1179 
Humps  in  track,  1212 
Hunt  (Robert  W.)  &  Co.,  1412,  1429, 1443 

instructions  to  inspectors,  1429,  1430 
Hyatt,  28 
Hybrid  truss,  482 
Hybrid  truss  bridges,  42 
Hydraulic  buffers  for  vertical  lift  bridges,  723 
Hydraulic  elevator,  992 
Hydrographic  map  and  profile,  1149 
Hj'drographic   surveys   for   the   bridging  of 

navigal)le  waters,  1147 
Hydrographical  survey,  1091 

I 

I-beams,  47 
bridges,  408 

comparison  with  plate-girders,  410 
designing   and   detailing.      See  also  De- 
signing of  plate-girdera. 
general,  460 
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I-beam3, 

designing  and  detailing, 
highway,  463,  464,  1668 
railway,  460-463,  1667 
milling  ends  of,  331 
sections, 

American  standard,  460 
Bethlehem  special,  460 
spans, 

details  of  design  for,  1667,  1668 
economics  of,  410 
stiffeners  in,  301 
weights  of  metal  in,  1220 
I-sections  of  truss  members,  493-495 
Ibsen,  H.,  1524 
Ice  breaks,  1024 
Ice  protection,  1053 
Identification  of  metal,  1771 
Imitations,  1155 
Impact,  256 

ballasted  floor,  effect  of,  125 
dead  loads  of  moving  spans,  131 
determination,  history  of,  120 
formula;,  124,  125 

diagrams,  125,  127,  129-131 
Schneider's,  120 
Waddell's,  121,  122,  128 
loads,  120,  129-131,  1648 
piers,  964 

effect  of,  123 
proposed  tests  for,  121 
reinforced-concrete  bridges,  955 
slow  speed,  123 
stresses,  1376 
stringers,  126 
tests,  1518 

American    Railway    Engineering   As- 
sociation, 123 
author's,  122,  123 
web  members,  126 
Incendiary  work  on  bridges,  1205 
Inclined  end  posts,  bending  on,  1660 
Inclined  flanges  of  plate-girders,  rivet  pitches 

in,  433-436 
Inclined  surfaces,  wind  pressure  on,  150 
Incomplete  clauses  in  specifications,  1742 
Indemnification  against  liability,  1886 
Indeterminate  stresses,  178,  213,  223 
analysis  of,  213,  214 
avoidance  of,  217,  226 
Index,  1407 

Chapter  LXXVIII,  1735 
Chapter  LXIX,  1887 
tracing  file,  1410 
Indian  Engineering,  281,  1187 
Indianapolis  bridge  on  Capitol  Avenue,  1169 
Indicator,  1789 
boat,  1735 
lights,  1706 
lights  for  spau  operatiou,  1801 


Indicator, 

mechanical,  1706 
Indirect  wind  load,  1652 
Influence  lines,  170 
Information  furnished  gratis,  1621 
Ingratitude,  1628 
Injecting  grouting,  971 
Injury  to  metal  by  seepage,  769 
Ink, 1387 
Inking,  1394 
Inspection, 
field, 

author's  methods  of,  1445-1457 
caissons,  1449 

cement  and  concrete,  951,  1449, 1450 
cement  at  manufactory,  1470 
excavation,  1448 
final,  1764 
foundations,  1448 
masonry,  1451,  1453 
materials  elsewhere  than  at  site,  1469 
materials  in  field,  1467 
materials  other  than  metal,  1764 
painting,  1447,  1448 
piling  and  trestlework,  1450 
timber,  flooring,  and  handrails,  1450, 
1453,  1469 
general,  1763 

betterment  of,  1414 
demoralization  of,  1413,  1414 
importance  of  good,  1412,  1455 
inauguration  of,  29 
methods  of  payment  for,  1416 
proper  price  for,  1439,  1440,  1609 
quality  of,  1412,  1416 
reasons  for,  1415 
responsibility  for  bad,  1413 
strictness  of,  1764 
shop  work  and  mill  work,  1419,  1422 
functions  of  the  inspecting  engineer, 

1415 
instructions  for, 

author's,  1417-1419 

Hildreth,    1425-1429,    1437,   1438, 

1440-1442 
Long,    1419-1424 
Robert    W.    Hunt    &    Co.,    1429, 

1420 
Structural  Steel  Work,  by  Schnei- 
der and  Colby,  1431-1436 
list  of  final  questions,  1428 
metal,  1763 

steel  rails,  1440-1442,  1447 
stock  material,  1437 
Installation  of  machinery,  1803 
Installment,  annual,  required  to  produce  one 

dollar,  1526 
Instructions 

boring  parties,  1100 
field  engineers,  1475 
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Instructions, 

inspecting  bridges,  1520,  1521 

inspectors, 

author's,  1417-1419,  1445-1447 
HUdreth.  1425-1429, 1437,  1438,  1440- 

1422 
Robert  W.  Hunt  &  Co.,  1429, 1430 
Long's,  1419,  1424 
Instrumental  work  in  field,  1768 
Insulation  of  rails,  356 
Insurance  of  employees,  1609 
Insurance  of  records,  1609 
Integrity  of  bid,  1881 

Intensities  of  working  stresses,  120,  255,  261, 
1654-1656 

compression  members,  259,  310 

concrete,  958,  959 

diversities  in,  260 

highway  bridges,  257 

nickel  steel,  262,  1655,  1656 

railroad  bridges,  257 

reinforced-concrete,  264,  957-959 

reversing  stresses,  265 

steel,  257 

substructure  materials,  263 

timber,  263,  265,  1656 

wind  loads,  262 

wrought  iron,  257 
Intercity  Viaduct  of  Kansas  City,  piles  for, 

1016 
Interest,  compound,  1363,  1364 
Interference,  1630 

bridge  specialist,  42 
Interlocking  apparatus,  1802 
Intermediate  columns  in  trestle  piers,  541 
Intermediate  hinges  in  stiffening  trusses,  655 
Intermediate  trusses  for  cantilever  bridges, 

590 
Internal  combustion  motors,  1708 
International  and  Great  Northern  Railway 

of  Texas,  bridges  on,  122 
International  Engineering  Congress,  57,  86 
International  Nickel  Company,  58 
Interprovincial  Bridge  at  Ottawa,  Canada, 

600 
Intersection  of  gravity  axes,  273 
Investigations,  prehminary,  1082 
Iowa  Central  Bridge  over  the  Mississippi,  724 
Iron  castings,  1777 
Iron  highway  bridges,  design  of,  530 
Iron  railroad  bridges,  origin  of,  16 
Iron  stringers,  origin  of,  24 
Irwin,  A.  C,  104 
Isaacs,  John  D.,  1442 

method  of  inspecting  steel  rails,  1442-1445 
I-sections  of  truss  members,  493 
Issuing  orders,  1630 


Jack-knife  bridges,  668,  669 


Jackson,  28 

Jackson,  George  W.,  726 

Janesville,  Ohio,  Bridge  failure,  1B41 

.lanni,  A.  C,  863 

Jaw  couplings,  1729,  1730 

Jaw-plates,  323,  1682 

Jealousy,  1623 

Jefferson  City  Bridge,  689 

triangulation,  1461 
Jet, 

movable,  992 

driving  piles,  1018 
Jetting  pipes  in  caissons,  990 
Jobs, 

listing  of,  1410 

numbers,  1389 
Johnson,  J.  B.,  15 
Johnson  T.  H.,  15 

Johnson's  Magnetic  Iron  Oxide  paint,  770 
Johnston,  Phelps,  612 
Joint, 

detailing,  518 

expansion,  210,  211,  374 

sliding,  in  trestles,  539 
Joists,  365 

Jonson,  E.  F.,  215,  234 
Journal-bearings  for  tower-sheaves,  1722 
Justice,  1589 
Justice  Davis's  opinion  on  navigable  waters, 

1137 
Justice  Field's  opinion  on  navigable  waters, 

1137 
Judgment,  necessity  for,  269 


K-truss,  16,  390,  478 

advantages  of,  607 

secondary  stresses  in,  194 
Kamloops,  B.  C,  Lift  Bridge,  743 
Kansas  City  Bridge,  over  the  Blue  River, 

986 
Kaw    River    Bridge,    on    the   Kansas   City 
Southern  Railway,  Kansas  City, 
34,  35,  749 
Keithsburg  Bridge  over  the  Mississippi,  724 

secondary  stresses  in,  188 
Kellogg  truss,  468,  477 
Kenova  Bridge  renewal,  1508,  1509 
Kessler,  George  E.,  1169 
Ketchum,  Milo  S.,  215,  351 
Keys,  1728 
"  Kinetic  Theory  of  Engineering  Structures," 

213,  214 
Kinzua  Viaduct,  545 
Kirkaldy,  David,  28 
Kirkham,  John  E.,  313 
Klein,  Samuel,  792 
Knee-braces,  293 
Knippel  Bascule  Bridge,  700 
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Koenigsberg  Bascule  Bridge,  700 

Koli  Bridge,  281 

Kuichling's  formula,  1115 

Kunz,  F.  C,  178,  188,  216,  502,  538,  546,  560, 

642 
Kutter's  formula,  1120,  1126 


Labelye,  12 

Labor  (daily) ,  limits  of,  1756 
Labor  laws,  observance  of,  1756 
Lachine  Bridge,  25,  1072 
Lacing,  274,  285,  328,  331 

angle,  286 

bars,  339 

clearance  required  between  bars  or  angles, 
505 

comparison  of  types,  285-288 

design  of,  285-292 

formula  for  shear  on,  1678 

lapping  of  bars  or  angles,  331 

minimum  clearance  for  painting,  505 

shear  on,  290 

strength  of  various  types,  285-286 

truss  members,  1678,  1679 

weight,  286-288 
Lag  piles,  1012 
LaGrange,  14 
Laing,  T.  E.,  717 
Lake  Shore  &  Michigan  Southern  Lift  Bridge, 

South  Chicago,  737 
Lambot,  18 

Lamp-posts,  384,  385,  386,  1843 
Landscape,  offense  to,  1151 
Landsdowne  Bridge,  594 
Language  in  specifications,  1553 
Lapping  of  lacing  bars,  331 
Lap-splices,  508,  511,  517 

designing  of,  512-515 
Latches  for  swing-spans,  1718 
Laterals  and   sway  bracing,  387-407,  1641, 
1642 

bottom  lateral  system,  398 

connections  of  struts,  293 

double  cancellation  for,  390 

expansion  details,  1067 

functions  of,  387 

highway,  plate-girder  spans,  396 

highway  truss  spans,  406 

1-beani  bridges,  391,  392 

plate-girder  spans,  392-394 

railway  deck  truss  spans,  403 

railway  through  truss  spans,  397 

rigidity  of,  388 

riveted  connections  for,  399 

sections  of  members,  389,  390 

skew  spans,  487 

solid  floors,  388 

stresses  in,  287 


Laterals  and  swaj^'  bracing, 
stresses, 

coefficients  for  chords,  175 
for  diagonals,  176,  177 
stringers,  connections  to,  399,  400 
through  plate-girder  spans,  394 
truss  spans,  1675,  1676 
upper,  400,  405 
Lath  for  wood-block  pavement,  368 
Latrobe,  Benjamin  H.,  23 
Lattice  bridges,  17 

Lattice     girders,     comparison     with     plate- 
girders,  411 
Lattice  truss  with  polygonal  top  chord,  468. 

476 
Latticing,  274 
Launching  caissons,  999 
Launching  spans,  1506 

longitudinally,  1511,  1512 
Launhardt's  formula,  255 
Laws,  labor,  observance  of,  1756 
Law-suits,  defense  of,  1567 
Laying  asphalt,  1815 
Laying    masonry    during    freezing   weather, 

1864 
Laying  of  rails,  356,  1842 
Laying  out  work,  1371 
Layout  of  drawing  sheets,  1381 
Layouts,  1372 

considerations  affecting,  1210 
sesthetics,  1216 
commercial  influences,  1213 
construction  facilities,  1216 
economic  considerations,  1217 
erection  considerations,  1216 
foundation  considerations,  1216 
geograpliical  conditions,  1213 
maintenance  and  repairs,  1217 
navigation  influences,  1216 
property  considerations,  1213 
stream  conditions,  1215 
time  considerations,  1215 
U.S.  Government  requirements,  1137- 
1146 
determination  of,  1210 
elevated  railroads,  1372 
general,  information  on,  1372 
selection  of,  1088 

temporary,  for  East  Omaha  Bridge,  1073 
trestles,  537 
Lead,  51 

Leaks,  stopping  of,  976 
Least  work,  principle  of,  214 
LeConte,  L.  J.,  90,  91 
Lecturing  to  engineering  students,  1622 
Leiter,  Z.  P.,  770 
Leiter's    air-drying    salt-water-proof    paint, 

770 
Lengths, 

cover-plutes,  440  444 
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Lengths, 

effective,  1639 

reinforced-concrete  structures,  960 

plato-girders,  economic  and  limitirg.  409, 
410 

procurable,  rolled  sections,  510 

spans,  economic,  1187 

ties,  361 

unsupported,  girder  flanges,  431 
Lenticular  truss,  468,  474 
Lettering,  1381 
Leucol  oil,  770 
Levees,  effect  of,  1122 
Leveling  of  bed  rock,  1022 
Leveling  up  of  shoes,  460 
Levels,  1471,  1730 
Levers,  hand-operating,  1731 
Liability,  indemnification  against,  1886 
Liability  insurance  for  boring  party,  1106 
Liability,  non-wai\'ing  of,  1885 
Library,  1411 
Life  of  steel  bridges,  37 
Lift  bridges,  717-746 

details  of  design,  1695,  1696 

guides  for,  1722 

gyratory,  669 

history  of,  717 

lifting  deck,  728 

machinery  for,  1727,  1789 

operating  drums  for,  1725 

operating  ropes  for,  1725 

power  for,  1700 

suspending  cables  for,  1718,  1719 

trolleys  lor,  1707 

vertical,  717—746 

wind  loads  for,  155 
Lifting  deck,  728 
Lifts,  end,  for  swing  spans,  1717 
Light  colors  for  bridge  paints,  768 
Lights,  1707 

indicator  for  span  operation,  1801 

service  and  roadway,  1797 
systems,  1842 
Lime,  56 

Limit  switches,  1706,  1797 
Limiting  depths  for  open  dredging,  996 
Limiting    lengths    of    railway    plate-girder 

spans,  409 
Limits  in  designing,  1661,  1662 
Limits  of  daily  labor,  1756 
Limits  of  error  in  structural  steel,  1784 
Lindenthal,  Gustav,  27,  126,  471,  482,  625, 

660,  662 
Lining-up  of  rivets,  328 
Linseed  oil,  767 
Linville,  J.  H.,  23,  24 
Liquidated  damages,  1564,  1876 
List   of   data   required    for   the   proper   de- 
signing of  railroad  bridges  and 
trestles,  1082 


Listing  of  jobs,  1410 

Little  River  Ivift  Jiridgo,  L.  &  A.  Ry.  Co.,  740 
Little   Rock   Junction   Bridge,  repairs  after 
substructure   failure,  1530,  1542 
Live   loads,    98-119,    9rA.    1646-1648,   1687, 
1688 
douljle-track  bridges,  107 
electric-railway  bridges,  107,  954 
end  shears,  diagrams  of, 

electric-railway  bridges,  109 
railway  bridges,  104 
equivalent,  for  floor-beams,  168 
equivalent,  for  stringers,  106 
equivalent  uniform,  diagrams  of, 
electric-railway  bridges,  110-116 
railway  bridges,  105,  106 
highway  bridges,  108,  117,  954,  1647 
history  of,  98 
motor  trucks,  118 
Railroad  Bridges  by  Hodge,  100 
railroad  bridges,  various  loadings,   103 
railway  bridges,  954,  1646 
reduction  of,  344 
road  rollers,  118 
specifications  of    "Bridge   Engineering," 

103 
status  in  1907,  102 

stresses,  unit  reaction  method  of  comput- 
ing, 169 
swing  bridges,  1687,  1688 
testing  old  bridges,  1518,  1519 
Load  area,  definition  of,  857 
Loading-girders  for  swing  spans,   1692 
Loading   metalwork   on    cars   and   shipping, 

1766 
Loading  metalwork  on   vessel  and  preparing 

same  therefor,  1766 
Loads, 

base    slabs    of    counterforted    retaining 

walls,  1039 
centrifugal,  133,  956,  1654 
counterforts    of    counterforted    retaining 

walls,  1041 
dead.     See  Dead  Loads, 
highway  bridges,   1645.       See  also   Live 

Loads, 
impact,  120-131,  955,  1647 
live.     See  Live  Loads, 
machinery  of  movable  spans,   1709 
piers,  pedestals,  and  abutments,  1045 
piles,  1047 
power    equipment     of     movable     spans, 

1697 
railway  bridges,  954,  1645 
reinforced-concrete  bridges,  954-957 
swing  spans,  1687,  1688,  1689 
traction,  149,  156,  157,  956,  1653 
transferred,  1652 
uplift,  97,  1650 
vibration,  149,  155,  1653 
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Loads, 

wind,  149,  1651,  1652 
Locating  of  bridges,  1088 
Location,  1742 

air  locks,  1005 

borings,  1101,  1106 

piers,  1471 

triangulation,  1464 

splices,  508 
Locking  apparatus,  1791 
Lockport,  III.,  Bridge,  32 
Locks, 

movable  spans,  17224 

rails,  1724 
Locomotives,  Mallet,  34 
Log  cribs,  974 
Logs  in  caissons,  995 
London  Bridge,  12 
Long,  15 
Long,  E.  McLean,  1412 

instructions  to  inspectors,  1419-1424 
Long  Lake  Highway  Bridge,  603 
Long-leaf  yellow  pine,  52 
Long  panels,  1176 

Long-span  American  bridges,  origin  of,  24 
Long  truss,  20 

Longitudinal  launching,  1511,  1512 
Longitudinal  shear  in  timber,  302 
Longmuir,  61 

Loose  rivets,  detecting  of,  1517 
Loss  of  metal  and  other  materials,  1768 
Louisiana  &  Arkansas  Railway  Lift  Bridges, 

737 
Louisville  &    Jeffersonville    Bridge    failure, 

1543 
Low  and  high  bridges,  comparison  of,  663 
Lowe  Brothers  paints,  771 
Loyalty,  1628 

Lubrication  of  bushings  and  bearings,  1729 
Lucius,  Albert,  596 
Lug  angles,  329,  331 
Lulu  Island  Bridge, 

draw  protection,  780 

piles,  1017 
Lump-sum  bids,  29,  40 
Lytton,  B.  C,  arch  cantilevering,  1504,  1505 

M 

Macadam  pavement,  1837 
Machinery,     1787.       See    also     Tables     for 
Designing. 

bending  stresses  in  wire  ropes,  311 

equipment,  1708 

gears,  pitch  diameters  of,  314-321 

hand-operating,  1789 

installation  of,  1803 

materials,  1709 

movable  spans,  1708 

operating,  1726,  1727 


Machinery, 

rope  sockets,  312,  313 

supports,  1697 

timber,  1840,  1841 

unit  stresses,  1709-1712 

vertical-lift  spans,  1789 

wire  ropes.     See  Tables  for  Designing. 
Machinery  house,  1733 

crane  for,  1802 
MacMartin,  James,  1523 
Magnitude  of  floods,  1110 
Mailing  drawings,  1398,  1399 
Main  girders  of  reinforced-concrete  bridges, 

designing  of,  924 
Main  members, 

depths  of,  494.  495 

highway  truss  bridges,  1642 

railway  truss  bridges,  1641 
Maintenance, 

bridge,  troubles  in,  1523 

cost  of,  1362 

existing  bridges,  1522 

sewers    and    pipes    during    construction 
work,  1752 

traffic,  1508,  1752 

traffic  during  renewal,  1529 
Maintenance  and  repairs  as  affecting  layout, 

1217 
Maintaining  correct  form  of  shells,  1859 
Make-up  of  chord  sections,  173,  501 
Making  drawings,  1378 
Mallet  engines,  34,  105,  106 
Mallet  Triplex  engine  loading,  105 
Maney,  J.  A.,  216,  217 
Manganese,  46 

nickel  steel,  61 

steel,  57 
Manhattan  Suspension  Bridge,   New  York, 

27,  59,  659 
Manifolding  contracts,  1571 
Man-power  machinery  for  swing  spans,  697 
Manufacture,  specifications  for,  1741-1891 
Manufacturers,  bridge  designing  j?y,  37 
Manville,  118 
Map,  hydrographic,  1149 
Map  of  the  United  States  showing  the  annual 
rainfall  and  record  run-offs,  1115 
Marching  of  soldiers,  effect  of,  117 
Marietta  Bridge,  600 
Marking  and  match-marking,  1783 
Marriotte's  law,  14 
Marston,  A.,  15 
Maryland  Steel  Company,  68 
Masonry,  1861 

arches,  7,  536 

longest  span,  19 
Koman,  9,  10 
theory  of,  15,  617 

bearings  upon,  1657 

first-class,  1862 


INDEX 


Ixxvii 


Masonry, 

insi)C('tioii,  1461,  1453 

laying  chiriu)!  freezing  weather,  1864 

mortar  for,  1864 

permissible  pressures  on,  265 

piers,  1020 

proportioning  of,  1020 

batter  for,  1021 

plates,  453 

pointing  of,  1864 

protection,  1529 

second-class,  1863 

testing  old,  1518 
Massiveness,  1179 
Match-marking,  1528,  1783 
Materials  and  workmanship,  1762 

electrical,  1792 
Materials  for  bridges,  45,  1632 

abutments,  1031 

ancient  bridges,  13 

approximate    quantities    of,    1871-1874 

checking  receipt  of,  1477 

evolution  of,  16 

furnishing  of  by  purchaser,  1752 

inspection  of,  1412 

loss  of,  1768 

machinerj\  1709 

prices  of,  1354,  1355,  1359,  1360,  1757 

records,  1477 

reinforced-concrete  construction,  cost  of, 
1359,  1360 

reports,  1487 

sources  of  supply  for,  1756 

storing  of,  1885 

unit  weights  of,  1649 

valuation  of,  1480 
Matthyssen,  N.  H.,  717 
Mattresses,  995,  1058,  1059,  1866-1868 

anchoring  of,  1062 

basket- woven,  1060 

pier  protection,  1028,  1060 

standard  tjT)es  of,  1060 

thicknesses  of,  1064 
Maumee  River  Bridge  at  Toledo,  Ohio,  689, 

980 
Maximum  shear,  criterion  for,  162,  164 
Maxwell's  law  of  reciprocal  deflections,  237, 

246 
Mayari  steel,  68 

cantilever  bridges  of,  71 

cost  of,  70,  1080 

eye-bars,  70 

location  of  ore,  69 

production  of,  70 

simple  truss  spans  of,  71 

strength  of,  69,  70 

testing  of,  72 
Mayer,  James,  662 
McKibben,  F.  P.,  862 
McMath's  formula,  1115 


Meanders  of  stream,  1091 
Meaning  of  terms,  1882 
Measurements  of  boring  pipe,  1103 
Medium  steel,  45 

economics  of,  1200 
Melan,  18 

Melts,  test  specimens  from,  1773 
Members,  depths  of,  494,  495 
Memphis  Bridges,  28,  69,  596,  1156 
Merchants'  Bridge,  25 

estimate  of  cost  of,  1351,  1353 
Meroe,  Ethiopia,  arch  bridge,  9 
Merrill,  Col.,  473 
Merrimac    River    Bridge    at    Newburyport, 

Mass.,  1065 
Merriman,  Mansfield,  15 
Merriman  and  Jacoby,  502,  591,  634,  1200 
Metal, 

arches,  origin  of,  27 

caissons,  986,  987 

cleaning  of,  767,  768 

encasing  of  in  concrete,  769 

estimates  of  weights  of,  279 

extras  for,  327 

fatigue  of,  255 

identification  of,  1771 

injury  to  by  seepage,  769 

inspection  of,  1763 

loading,  1766 

loss  of,  1768 

portions  of  bridges,  1632 

prices,  1202 

protection  of,  765 

sections,  47 
unusual,  48 

special  cost  of,  327 

specification  for,  1770 

weight,  computation  of,  1377 

weights  of,  in  swing  spans,  1242 
Methods, 

pier  sinking,  967 

stress  computation,  158 

testing  steel,  1772 
Metropolis  Bridge  over  the  Ohio  River,  25,  26, 

88,  265 
Michigan  Avenue  Bascule  Bridge,   Buffalo, 

701 
Millholland,  James,  22 
Milling, 

beams  and  stringers,  376-378,  1783 

cantilever  beams,  382 

ends  of  I-beams,  331 

trough  sections,  334 
Mill  scale,  removal  of,  768 
Mill  work  inspection,  1419 
Mingo  Junction  Bridge,  598 
Minimum  thickness  of  concrete,  962 
Minimum  thickness  of  metal,  1661,  1680 
Mistakes,  1555 
Mixing  of  concrete,  951,  1043,  1853 
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Modem  riveted  trusses,  advantages  of,  748 
IModjcski,    Ralph,    72,    481,    598,    614,    619, 

1066 
Modus  operandi  of  construction,  1757 
Mohr,  179,  215,  245 
Molitor,  D.  A.,  213,  227,  237,  1181 
Moller,  18 
Moment, 

bending,  criterion  for,  164 

coefficients  for  continuous  beams,  845 

diagram  for  plate-girders,  414-418 

parabola  of,  414-418,  440-443 

plate-girders,  calculation  of,  412,  414-418 
proportioning  for,  421-432 

polygon,  416,  417 
Moments  of  inertia  of  beams,  columns,  and 

arch  ribs,  839 
Moncrieff,  J.  M.,  259 
Monier,  18 
Monkey  bridges,  1,  2 

Monolithic  structures,  stresses  in,  842,  961 
Monongahela  Bridge,  594 
Montgomerj^   Waddell's   types   of   bascules, 

711,  712,  715 
Monthly  estimates,  1479-1483 

estimate  sheet,  1489 
Monuments,  1467 
Moorson,  Capt.  W.,  717 
Moran  air  lock,  1006 
Morison,  Geo.  S.,  25,  29,  660,  696 
Morsch,  Emil,  784 
Mortar, 

freezing  of,  1044 

masonry,  1864 

retempering  of,  1044 
Motor-truck  loads,  1537 
Motor  wagons,  108 
Motors, 

electric,  1702,  1703,  1793,  1794 
alternating  current,  1793,  1794 
direct-current,  1793 
mounting,  1703 

internal  combustion,  1708 
Mounting  of  motors,  1703 
Movable  bridges,  663-746 

advantages  and  disadvantages  of,  680 

aerial  ferries,  670,  671 

bascules,  663,  700-716 

best  kinds  to  adopt,  680 

bob-tailed  swings,  664 

classes  of,  604 

comparison  of  lifts  and  swings,  680 

comparison  of  vertical  lifts  and  bascules, 
682 

cost  of  power  for  operating,  679-681 

double  rotating  cantilever  swings,  665,  666 

economics  of,  1208 

electrical  operation  of  draw  spans,  679 

floating,  674,  675 

folding,  668,  669 


Movable  bridges, 

gates  for,  677,  678 

gjTatory  lift,  669 

history  of,  663 

horizontal  folding  draws,  665 

jack-knife,  668,  669 

lift  bridges,  717-746 

pontoon,  674,  675 

power  for  operating,  678,  1679-1701 
cost  of,  679-681 

pull-back,  667 

Schneider,  C.  C,  paper  by,  683 

shear-pole  draws,  665 

swangs,  664,  684-689 

transbordeurs,  670,  671 

transporter,  670,  671 

vortical  lift  bridges,  717-743 

wind  loads  for,  154 
Movable  jet,  992 
Movable    span,    position     of,    as     a.ffecting 

layout,  1211 
Multiple  punches,  328 
Multiple  punching,  376-377 
Multiple-track    structures,    bracing    frames 

for,  277 
Municipal  Bridge  at  St.  Louis,  481 
Murphy,  J.  W.,  23 
Murphy- Whipple  truss,  23 
Murphy's  formula,  1115 
Mushroom  anchors,  1062 


N 

Nailing  strips  for  plank  floors,  365 
Name-plates,  patent-plates,  and  year-plates, 

1645,  1786 
Narrowness  of  channel,  1090 
National  Paint  Company's  paints,  771 
Natural  cement,  17,  28 
Nature,  methods  of,  1152,  1154 
Navier,  14 
Navigable  waters, 

bill  to  regulate  the  construction  of  bridges 
over,  1138,  1147 

definitions  of,  1137 

requirements  of  the  United  States  Gov- 
ernment for  bridging,  1137 

rules  for  the  protection  and  preservation 
of,  1143,  1146 

surveys  for  bridging  of,  1147 
Navigation    influences    as    affecting  layout, 

1216 
Navigation  signals,  1707,  1708 
Neale,  David,  1061 
Negotiating,  1606 

with  promoters,  1606,  1607 
Nerve,  1615 
Net  sections,  figuring  of 

pin-holes,  1682 

tension  members,  295-298,  1658 
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New  Westminster  Bridce,  1074 

triaiiKdliition,  1463,  1464 
Now  Zo.alniid  Archos,  1170 
NiiiRara  Arch,  data  for,  644 
NiuKara-Cliftoti  Arcli  RridKO,  G25 
Niagara  (Jor«e  Arch  Bridge,  026 
Niagara  Hiver  Bridge,  llocbling's,  23 
Nichols,  S.  F.,  679 
Nicicel  steel,  28,  57,  58 

liridges,  limiting  weights  of,  64 

brittle  zone,  61 

composition,  60 

copper,  68 

costs,  61 

elastic  limit,  59,  60,  91,  92 

elongation,  92 

experiments  by  author,  58 

eye-bars,  61,  93 

ferro-nickel  for  manufacturing,  68 

fitness  for  bridge  construction,  64 

intensities  of  working  stresses,  262,  1655, 
1656 

manganese,  61,  92 

nickel,  92 

percentage  of  carbon,  92 

phosphorus,  92 

plate-and-shape,  61,  93 

price,  60 

requirements  for,  1771 

rivets,  61 

St.  Louis  Free  Bridge,  9J 

sulphur,  92 

ultimate  strength,  92 

vanadium-carbon  steel,  85 

vanadium-chromium  steel,  85 

weights,  61 

working  stresses,  262,  1655,  1656 
"Nickel  Steel  for  Bridges,"  59,  61 
Nier,  John  W.,  1062 
Nikko  Bridge,  Japan,  7,  8 
Noble,  Alfred,  598 
Nobrac  paint,  771 
Noiseless  structures,  348 
Norris,  George  L.,  82 
North  River  Bridge,  designs  for,  27 

Hodge,  660,  661 

Lindenthal,  662 

Morison,  662 
iJorth    Thompson    River    Lift    Bridge    near 

Kamloops,  B.  C,  743 
Notary  Public,  1567 
Notes  in  field,  1478 
Notice    of    commencement     of     fieldwork, 

1768 
Nozzles  for  water  jets,  1018 
Number  of  borings,  1094,  1101,  1396 
Number  of  stringers  per  track,  354 
Number  of  test  pieces  of  steel,  1774 
Number  of  trusses  per  span,  483 
Nuts,  1785 


Oak,  52 

Oakum,  51 

Observance  of  labor  laws,  1766 

Obstacles, 

encountering,  1860 

pile  driving,  1018 

sinking  piers,  994 
Obstacles  to  approval  of  bridge  plans  by  War 

Department,  1141 
Obstruction  of  channel 

by  piers,  1121 

freedom  from,  1090 
Offense  to  landscape,  1151 
Office  practice,  1370 

handling  of,  1387 

hours  for  employees,  1608 

laying  out  work  in,  1371 

organization,  1606 
Oft-repeated  stresses,  255 
Ohio  Avenue  bridge,  Kansas  City,  1079 
Oil,  Leucol,  770 
Oil,  Unseed,  767 
Old  bridges, 

condemnation  of,  1519 

live  loads  for  testing,  1518,  1519 

removal  of,  1749 

repairing  of,  1519 

stress  diagrams  for,  1519 
Omission  (temporarily)  of  cantilever  brackets, 

1073 
One-hinged  arch,  624,  636 
Open-bracing  for  cylinder  piers,  1056 
Open-deck  construction,  348,  354 

compared  with  ballasted  deck,  347 

shallow  floors,  353 
Open-dredging  process,  967,  981—997 

advantages  and  disadvantages  of,  98J 

caissons,  1858 

description  of,  981 

limiting  depths  for,  996 

maximum  depth  yet  used,  982 

where  used,  982 
Open-hearth  steel,  acid,  46 
Open-hearth  steel,  origin  of,  17 
Open-spandrel  arches,  940 
Open-webbed,  riveted-girder  spans, 

details  of  design  for,  1674 

truss  sections,  490-491 
Openings  required   by  War  Department  for 

movable  spans,  1143 
Operating  machinery,  1726,  1727 

drums  for  lift-spans,  1725 

ropes  for  lift-spans,  1725,  1789-1791 

ropes,  supports  for,  1726 
Operation  of  mcrable  bridges, 

cost  of,  1362 

electric,  1702-1708 

hand,  1702 
Operator's  house,  1734 
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Opinion,  differences  of,  1765 
Option    on    project    required    by   bankers, 
1597 

Order-form  for  blue-prints,  1402,  1403 
Orders,  issuing  of,  1630 

Oregon-Washington  Railroad  and  Naviga- 
tion Company's  Bridge  at  Port- 
laud,  Ore.,  728,  730,  732,  733 

chord  section,  495,  502 
Organization 

erection,  1506,  1507 

office,  1606 
Origin 

American  cantilever  bridges,  25 

Bessemer  Process,  17 

caissons,  12 

deformed  bars,  28 

dredging  machines,  12 

iron  railroad  bridges,  16 

iron  stringers,  24 

long-span  American  bridges,  24 

metal  arches,  27 

open-hearth  steel,  17 

pile  cut-off  machines,  12 

pin-connected  bridges,  23 

plate-girder  bridges,  23 

pontoon  bridges,  11 

reinforced  concrete,  17 

steel  bridges,  17,  27 

stress  analysis,  15 

structural  shapes,  17 

theory  of  stresses,  13 

timber  trestles,  21 

truss  bridges,  12 

Whipple  truss,  23 

wooden  railway  trestles,  27 
Ornamentation,     1152,     1154,     1162,     1176, 
1177 

by  artistic  approaches,  1178 

by  hand-rails,  1177 
Oromocto  River  Lift  Bridge,  743 
Osborn,  Frank  C,  G44 
Osborne,  Richard,  22 
Other  contractors'  work,  1765 
Outfit  for  borings,  1095 
Outlines  of  bridges,  1156 
Overdriving  of  piles,  1018 
Overhang  of  car,  148 
Overrun  of  angles,  430 
Overtime, 

payment,  1608,  1609 

work,  1630 
Overturning  moment  on  shoe  of  column,  304 
Ownership  of  plans,  1628 


Pacific  Coast  cedar,  52 

Pacific  Highway  Bridge  at  Portland,  Oregon, 
086,  723,  1174,  1175 


Pacific  Highway  Bridge  at  Portland,  Oregon, 

long  piles  for,  1017 
Packing  on  pins,  527,  529-531,  1682 

clearance  f..r,  276,  529,  530 
Page  and  Shnable,  716 
Page  bascule,  708,  714 
Paine,  Thomas,  22 
Paint  and  painting,  765-771,  1803 

accessibility  for,  277,  493 

best  brands  of,  769,  770 

best  qualities  of,  771 

consensus    f  opinion  concerning,  767 

decoration  by,  1177 

function  of,  765 

Goheen,  771 

graphite,  766,  767 

guaranteeing  of,  771 

inspection  of,  1447,  1448 

Johnson's  Magnetic  Iron  Oxide,  770 

light  colors  for  bridge,  768 

Lowe  Brothers,  771 

National  Paint  Company,  771 

No  brae,  771 

red  lead,  767,  771 

shedding,  765 

Sherwin  and  Williams,  771 

Toch  Brothers,  771 

vehicle  for,  766 
Paint-skins,  51 
Palacio,  A.  de,  671 
PaUadio,  12 
Palmer,  15 
Palmer,  Timothy,  19 
Panel  lengths,  481 

economic,  1187 

skew  bridges,  484—488 

subdivided,  480,  481 

inferior  span  length  for,  480 

unequal,  481,  493 

varying  of,  48  ,  493,  1068 
Paper,  drawing,  quality  of,  1387 
Papers,  return  of,  1882 
Parabola     of     moments,     414  -  418,     -^40- 

443 
Parabolic  truss,  468,  474 
Parapets,  ties  on,  361 
Parent,  14 
Parker,  C.  H.,  24 
Parker  truss,  24,  468,  469 
Parsons,  WiUiam  Barclay,  558 
Parthenon,  1153 
Partial  payments,  1885 

to  contractor.  1368 
Partial  splices,  532 
Pasadena  Arch  Bridge,  1164 
"Passing  the  dollar"  in  contracts,  1564 
Patenting,  1621 

royalties,  1755 
Patent-plates,  1786 
Paved  -floors,  1636 
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Pavang,  1806 

asphalt.  370.  1809,  1817 
repairing,  1817 

bases.  368.  309 

bitulithic,  370.  1823 

brick.  370.  1825-1835 

concrete.  370 

curbs  on  embankments,  1837 

drainage  of.  1835,  1836 

grades.  368.  370 

guarantee,  1816,  1839 

macadam,  1837 

pitch  filler,  368,  1834 

plank.  365,  366 

sand  filler,  368 

stone-block,  370 

wood-block,  366-368 
Payment  clause  in  contracts,  1566 
Payments.  1878,  1884 

partial,  to  contractor,  1368 
Pecos  River  Bridge  failure,  1542 
Pedestal  piles,  1011 
Pedestals.  1028 

anchorages  for.  1030 

base  castings  for,  456 

bases,  1685 

batters  for,  1028 

elevated  railroads,  562 

elevation  of,  278 

footings,  1028 

foundations,  pressures  on,  1030 

hinging  of,  539 

location  of.  284.  340 

position  of,  1856 

quantities  for,  1300 

trestles,  542 

truss  spans.  1680 

volumes.  1301,  1311,  1312 
Pegram.  Geo.  H..  477 
Pegram  truss,  468.  477 
Penalties.  1564 
Pencilling,  1394 

Penetration  test  for  asphalt,  1818 
Permsylvania  Railroad,  lift  bridges  for, 

Chicago  River.  734,  736 

Calumet    River,    South    Chicago,     734, 
736 
Pennsylvania  Steel  Company,  68 
Pennsylvania  truss,  25.  469 
People,  weight  of,  108 
Per  diem  fees.  1604 
"Percentage  Method  of  Performing  Difficult 

Work."  1582 
Percentage  reports  of  work.  1486 
Percentages  of  weights  of  details  for  trusses, 

1227,  1239-1241 
Percentages   of  weights  of  metal   in   swing 
spans  compared   with  those  of 
simple   soans   of   same   length, 
1249 


Percolation,  975 
Permanency  of  channel,  1088 
Permanent  clauses,  1742 
Permissible, 

loadings  for  piles.  1008,  1047 

pressures  on  masonry,  265 

pressures  on  soils,  964 

variations  in  weight  and  gauge,  1779 

working  stresses,  255 
Perronet,  14 
Perry,  28 
Petinot,  93 
Petit  truss,  25,  468,  469,  470 

secondary  stresses  in,  194 

cambering  of,  758 
Philbrick,  23 
Phoenix  column,  24 
Phosphor  bronze  bushings,  337 
Piers,  1020-1057 

arch,    quantities    in,    1337,    1338,   1340 
1341 

arch-bridges,  data  for,  1339 

bases, 

elevations  of  tops  of,  1051 
enlarging  of,  971 
piles  in,  1050 

braced  steel,  1026 

brick,  1022.  1861 

buried,  535,  1031 

concrete,  1022 
coping  of,  1024 

cyhnder,  1025,  1054 

open  bracing  for,  1056 
telescoping  of,  1026 

designing,  safety  in,  972 

details  of,  1007 

dumb-bell.  1023 

finding  position  of,  1472-1475 

founding  of,  on  a  thin  crust,  970 

hoUow,  1024 

impact  on,  964 

lengths  of,  1022 

locating.  1471 

triangulation.  1464 

masonry,  1020 

proportioning  of,  1020 

mattresses,  1060 

obstruction  of  channel  by,  1121 

pile,  timber,  1057 

pivot,  1024 

platforms  for  construction  work,  999 

pneumatic-cylinder,  1056 

position  of.  1856 

protection,  1866 

mattresses  for,  1028 

proportioning  for  artistic  effect,  1179 

proportioning,  ordinary  method  of,  1022 

quantities  for.  1300-1310 

Red  Rock  Cantilever  Bridge,  1022 

rip-rap  for,  996 
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Piers, 

shafts,  1023,  1051 

classification  of,  1020 
batters  of,  1051 

methods  of  construction,  967 

specifications  for,  1045 

steel  shells  for,  1025 

timber,  102G 

type,  choice  of,  90!) 
Pier-sinking  record,  1479 
Pigment, 

coefficients  of  expansion,  765 

excluder,  765 

graphite,  766 

shedding,  765 

value  of,  766 
Pile  clusters,  1011 
Pile  cut-off  machine,  origin  of,  12 
Pile  driving,  1008,  1014,  1855 

cost,  10i:> 

East  Omaha  Bridge,  1016 

obstacles  in,  1018 

overdriving,  1018 

record,  1479 

through  clay,  1016 

water  jets,  1015,  1018 
Pile  dykes  and  mattress  work,  1866-1868 
Pile  foundations,  968,  1860 
Pile  heads,  encasing  of,  968 
Pile  piers,  timber,  1057 
Pile  trestles,  773 

limiting  heights  of,  773 

panel  lengths  of,  774 

stringers  of,  774 
Piles,  1008 

bases  of  piers,  1050 

battered,  1011 

bearing,  1008 

brooming  of,  1018 

cast,  1012 

concrete,  1012,  1856 

creosoted,  775 

creosoting  of,  1013 

decay  of,  970 

disc,  1012 

driving  of.     See  Pile  Driring. 

durability  of,  1013 

dynamiting  of,  1015 

eccentric  loads  on,  Eqs.  24  and  26,  page 
300 

factor  of  safety  for,  1010 

falsework,  number  per  bent,  1502 

formuUe,  1009 

foundations,  use  of,  969 

Eraser  River  bridges,  1017 

grouping,  1013 

inspection,  1450 

lag,  1012 

loading.  1008,  1009 

long  piles  driven  by  water  jet,  1017 


Piles, 

materials  for,  1011 

Pacific      Highway      Bridge,      Portland, 
1017 

pedestal,  1011 

permissible  loads  on,  1008,  1047 

poured,  1013 

premoulded,  1012 

protection  of,  1014 

rejection  of,  1008 

resisting  horizontal  pressures,  1010 

retaining  walls  or  abutments,  1042 

screw,  1012 

sheet,  1011,  1013 

spacing,  1013 

steel,  1013 

test,  1009 

types  of,  1011 

wattled,  1063 

wooden, 1855 
Pin-connected  trusses, 

cambering  of,  755,  756 

highway  spans,  1683 

old  type,  advantages  and  disadvantages 
of,  748 

origin  of,  23 

railway  spans,  1681 

wearing  of  joints  in,  749,  750 
Pin  connections,  abandoning  of,  30 
Pin-holes,  1785 

half,  335 

net  sections  at,  1682 
Pin  packing,  527,  529-531 
Pin-plates,  531,  1682 

lengths  of,  284,  285 
Pine, 

long-leaf  yellovv,  52 

short-leaf  yellow,  52 
Pinions,  1727 

rack,  for  swing  spans,  1724 
Pins,  1682,  1779 

bearing,  intensities  for,  264,  323 

bending,  intensities  for,  264,  324 

bending  moments  on,  324,  1658 

designirg  of  truss  pins,  530,  531 

diameters,  531 

eccentricity  of  chord  pins,  340 

effect  of  on  secondary  stresses,  200 

nickel     steel,      bending    intensities    for, 
324 

pedestal  pins,  location  of,  284 

shear  on,  204,  1658 

sizes  of,  329,  334 
Pipe, 

boring,  measurements  of,  1103 

carrying  of  on  movable  span,  1076 

casing,  1097 

cutting  of,  1100 

dynamiting  of,  1098 

maintenance  of,  1752 
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Pipe, 

pulling  of,  1098 

purchasing  of,  1100 
Pipe-line  for  fire  protection,  1844-1846 
Pitch,  51,  352,  366 

filler,  36S 
Pitch-diameters  for  gears,  314-321 
Pitch  for  gears,  337 

Pitches  of  rivets,  plate-girder  flanges,  432- 
441 

cantilever  beams,  436,  444 

component  parts  of  flanges,  437-438 

curved  flanges,  437 

inclined  flanges,  433-436 

variation  throughout  girder,  438-441 

vertical  loads,  437-438 
Pittsburg  Testing  Laboratory,  1412 
Pivot  piers,  1024 

drainage  of,  697 

quantities  for,  1300 
Pivots  for  center-bearing  swing  spans,  1716 
Placing  concrete,  1853,  1854 
Placing  leinforcing  bars,  1865 
Planing,  328 

sheared  edges,  328 
Plank  floors,  365,  366,  1634 
Plans,  alv/;ration  of,  1762 
Plant, 

bidders',  1878 

contractor's,  1768 

report  on,  1488 

seizing  of  contractor's,  1616 
Plaster,  51 

Plastering  faces  of  piers,  1044 
Plate-and-shape  nickel  steel,  61,  93 
Plate,  tin,  50 
Plate,  47,  1777 

bending  of,  331 

buckled,  47 

checkered,  374 

connecting,  strength  of,  284 

corrugated,  47 

extra  cost  of  w-ide,  327 

trough,  47 
Plate-girders   and   plate-girder   bridges,  408, 
418 

advantages  of,  408 

calculations,  411.     See  also  Designing. 

camber,  329,  332,  753,  754 

cantilever,  418,  444 

cast  shoes,  454 

comparison  with  truss  spans  and  I-beam 
spans,  408-410 

compression  flanges,  proportioning  of,  431 

connection  angles,  444,  445 

continuous  girders,  418,  419,  444 

cover-plates, 

areas,  426,  429 

centres  of  gravity  of  flanges,  427 

flange  sections,  422-428 


Plate-girders  and  plate-girder  bridges, 
cover  plates, 

full-length  plates,  need  for,  428 

lengths,  determination  of,  440-444 
extra  at  ends,  440,  443,  444 

rivet  heads,  undesiral)ility  of,  428 

rivet  pitches,  437 

weights,  426 
crimping  of  stiffening  angles  for,  1203 
cur\-ed  flanges,  rivet  pitches  in,  437 
definition,  411 

depths,  limiting  and  economic,  410,  420 
designing  and  detailing.     See  Designing 
of  plate-girders  and  plate-girder 
bridges,    also    Tables    and    Dia- 
grams for  designing, 
details  of  design,  1668-1671 
doubling-up  of  old  spans,  1528 
durability,  408 

economics,  409,  410,  1184,  1185 
end  bearing,  452-460 
end  details,  444-447,  464,  467 
end  stiffening  angles,  446 
essential  elements,  411 
flanges, 

areas,  423-426,  429,  430,  432 
calculation  of,  432 

centres  of  gravity,  424,  427 

cover-plate  lengths,  440-444 

make-up  of  sections,  422-430 
cover-plates,  422—428 
no  cover-plates,  428,  430 

rivet  pitches,  432-441 

section,  determination  of,  433 

splices,  421 

stringers,  328 

unsupported  lengths,  431-432 
full  splicing,  409 
grillages,  459 

half-through  railway,  economics,  41C 
laterals,  392-397 
lengths  of  cover-plates,  440 
limiting  lengths,  409 
maximum  shear,  412,  418 
moment, 

figuring  of,  412^18 

proportioning  for,  421,  432 
moment  diagram,  414-418 
origin,  23 

parabola  of  moment,  414-418 
reactions,  412—418 
rivet  connections,  445 
rivet  pitch.    See  Pitches  of  rivets, 
rocker  ends,  453 
rocker  shoes,  454,  455 
shears,  412-418 
shipment,  409 

shoes,  452-460.     See  also  Shoes, 
side  plates,  437 
sUdiug  beariuga,  458 
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Plate-Kirdcrs  and  plate-girder  bridges, 

spacing  of  girders,  409 

splices  in  flanges,  421 

splicing  of  webs,  301,  420,  447-452 

stiff eners,  421,  1203,  1670 

strap  plates  for  splicing,  449 

swing  spans,  details  of  design  for,  1690, 
1691 

through,  465 

laterals  for,  394 

web-plate, 

depths,   limiting  and  economic,  419, 

420 
design,  419-421 
splices,  301,  420,  447-452 
design,  450-452 
loads,  447,  450 
types,  comparison  of,  447-449 

weights  of  metal,  1221,  1222,  1250 
Plate-lattice-girder  spans,  411 
Platforms,  1841 

around  pier,  999 

locations  on  elevated  railroads,  549 
Pneumatic  caissons,  1857 

details  of,  1007 

founding  of,  971 
Pneumatic  cylinder  piers,  1056 
Pneumatic  gun,  1023 
Pneumatic  process,  967,  998 

distinctive  features  of,  998,  999 
Pockets,  expansion,  377,  1685 
Pockets  of  caissons,  989 
Poetsch,  Dr.  F.  H.,  972 

freezing  process,  972 
Pointing  masonry,  1529,  1864 
Points  of  contraflexure  in  columns,  294 
Polygon,  moment,  416,  417 
Polygonal  top  chords,  479,  480,  487,  488 

analytic  method  of  computing  stresses  in 
trusses  with,  159 

skew  spans,  487 
Pons  ^milius,  9 
Pons  Fabricius,  10 
Pons  Milvius,  9 
Pons  Salarius,  9 
Pons  Sublicius,  6 
Pont  du  Gard  Aqueduct,  10 
Ponte  Molle,  10 
Ponte  Quattro-Capi,  10 
Ponte  Rotto,  9 
Pontoon  bridges,  674,  675 

origin  of,  11 
Ponts  et  ChaussGes,  establishment  of  Ecole 

des,  14 
Pony  trusses,  281,  468,  479,  490, 
Pooling,  abolition  of,  1535 
Pooling  of  competitors,  1533,  1534 
Pope,  Thomas,  20 
Portage  viaduct,  27 
Portal  bracing,  293,  402,  403,  1642, 1643 


Portal  bracing, 

connections,  506 

skew,  403,  485-488 
Portland  cement,  17,  28 
Portland,    Oregon,    Bridge,    foundations   of, 

983 
Position,  gradient,  and  alignment,  1765 
Position  of  caissons  during  sinking,  994,  1001, 

1472-1475 
Position  of  critical  section  for  pure  shear  and 
diagonal  tension  in  beams,  836 
Position  of  movable  span  as  affecting  layout, 

1211 
Position  of  piers,  pedestals,  and  abutments, 

1856 
"PossibiUties  in  Bridge  Construction  by  the 
Use   of  High  Alloy  Steels,"  70, 
78,  1284 
Post  truss,  23,  468,  473 
Posts  of  trusses,  sections  for,  1675,  1681 
Posts,  (vertical)  end,  481 
Pot  holes,  1061 

Poughkeepsie  Bridge,  568,  588,  600 
Poured  piles,  1013 
Pouring  of  slabs,  952 
Power, 

bascule  spans,  1701 

equipment,  1702-1708 

installation  for  movable  spans,  677 

lift  spans,  1700 

movable  spans,  678,  1697-1701 

swing  spans,  1698-1700 
Pratt,  Caleb  and  Thomas  W.,  15,  21 
Pratt  truss,  468 

stress  coefficients,  171 
Preambles  for  contracts,  1560,  1562 
Precipitation  formula,  1118 
Precision  in  specifications,  1555 
Preliminary  investigations,  1082 
Preliminary  surveys,  1088,  1091 
Premouldcd  piles,  1012 

Preparing  and  placing  reinforcing  bars,  1865 
Preservation  of  timber,  1805 

ties,  361 
Pressures, 

abutment  bases,  1030,  1031 

bases  of  bridge  piers,  964 

masonry,  permissible,  265 

masonry,  unit,  1657 

pedestal  foundations,  1030 

soils,  964 
Prices  of  materials,  1354,  1355,  1369,  1360, 

1757 
Prices  of  metal,  1202 
Priming  coat  of  paiiit,  766 
"Principal  Professional  Papers,"  99 
Principle  of  least  work,  214 
Principles  in  detailing  the  outlines  of  epans 

for  aesthetic  design,  1175 
Principles  of  design,  1662-1665 
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Probability  of  scour,  determination  of,  969 

Procurable  lengths,  510 

Profit-shariiig  witli  assistants,  1609 

Progress  charts,  1486 

Progress,  rate  of,  1876 

Progress  records,  graphic  method  Of  making, 

1489 
Projects, 

chimerical,  1624 

classification  of,  1592 

electric  railway  bridges,  1692 

option  required  by  bankers  on,  1597 

pedestrian  bridges,  1593 

promotion  of,  1591 

rejection  of  by  bankers,  1597 

speculative,  1624 

steam-railway  bridges,  1592 

steps  in  promotion  of,  1593,  1594 

wagon  bridges,  1592 
Promises  of  stock,  1600 
Promoters,  1591 

negotiating  with,  1606,  1607 
Promoting  by  engineers,  1598,  1599 
Promotion, 

bridge  projects,  1591 

fees,  1607 

necessity  for  secrecy  in,  1599 

steps  to  be  taken  in,  1593,  1594 
Property  considerations  as  affecting  layout, 

1213 
Proportion  of  parts,  1160 
Proportioning, 

compression  members,  492 

flanges  of  plate-girders,  421-432 

piers,  1022 
Proportions  for  concrete,  1852 
Proposal,  form  of,  1880 
Protection, 

banks,  1866 

East  Omaha  Bridge,  1063 

curbs,  374 

draw  bridges,  779-782 
omission  of,  779 

failing  masonry,  1529 

metalwork,  348,  765-778 

piers,  1060,  1866 

piers  for  through  spans,  364 

piles,  1014 
Prospectus,  how  to  write  a,  1595 
Prospectus,  requisites  for,  1594,  1595 
Pryor,  J.  H.,  1031 

Pubhc  office,  holding  by  engineers,  1631 
Puddled  clay  for  borings,  1098 
Puddle  wall,  974 
Pull-back  draw,  666,  667 
Pulling  pipe,  1098 
Pulsometers,  979 
Pumping  out  of  caissons  and  cofferdams,  978, 

995 
Fumpa  for  cofferdams,  979 


Punches  and  dies,  sizes  of,  1422 
Punches,  multiple,  328 
Punching,  1422,  1782 
Purchases  for  office,  1389 
Purchasing  of  pipe,  1100 
Purified  steel,  72 

excess  cost  of,  73 

possibilities  of,  76 

weights  of  bridges  of,  73 
Puyallup  River  Bridge,  Tacoma,  734,  735 


Quantities  for  concrete  construction,  1300- 
1347 
abutments,  1315-1317,  1341 
pedestals,  1311-1313 
piers, 

copings,  1301 
shafts, 

batter   J^"   to   I'-O",   1302-1304 
batter   %"  to    I'-O",   1305-1307 
batter    1"   to    I'-O",    1308-1310 
vertical  sides,  1301 
reinforced-concrete  bridges, 
arch  bridges, 

abutments,  1337-1343 
arch  barrels,  1333 
arch  ribs,  1332 
piers,  1337-1343 

spandrel  girders  and  columns,  1329 
spandrel  walls,  1331 
floor  systems,  1321,  1322 
girder  bridges, 

columns,  1326,  1327 
footings,  1328 
girders,  1323 
retaining  walls,  plain  and  reinforced,  1318, 
1319 
Quantities   of  materials,    1871-1874 
Quarry  dust,  53 

Quebec  Bridge,  25,  31,  38,  59,  194,  478,  500, 
593,  605,  1157 
arch  design  for,  622 
cantilever,  500 
faHure,  259,  1545-1547 
Queen's  Ferry,   Scotland,    Bridge   (Firth  of 
Forth),  668 


Racks,  337 

swing  spans,  1715,  1716 

pinions,  1724 
Radial  truss,  468 
Radii  of  gyration,  504 
Rail  beds,  334 
Railings, 

gas-pipe,  383 

steel,  1786 
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Rails, 

anti-creeping  devices  for,  357 

bonding  of,  356,  1842 

breaking  of  at  ends  of  movable  bridges, 
356 

connections  of,  1805 

electric-steel,  77 

expansion  joints,  356 

details  on  Beaver  Bridge,  357 

gap  bars  for,  356 

grooves,  drainage  of,  373 

guard,  356,  363 

inspection  of,  1440-1442,  1447 

insulation  of,  356 

laying  of,  1842 

lengths  of,  356 

lifts  for  swing  spans,  696 

locks,  1723 

running-plates  for,  353 

sizes  of,  356,  370 

splices,  356 

superelevation,  355 

supports  in  timber  floors,  369 

switch  points  for  creeping  of,  357 

timber  floors,  369-370 

weights  of,  95 
Railway  bridges, 

arch  ribs,  642 

clearances,  483,  484,  1638 

deck,  1842 

Designing,    Some    Disputed    Points    in, 
120,  161,  282 

floors,  1633.     See  also  Floors. 

lateral  bracing  for,  397 
deck  trusses,  403 

live  loads,  1646 

loads,  1645-1654 

main  members  of  trusses,  1641 

number  of  trusses,  483-484 

plate-girder  spans,  460-467,  1668,  1671 
moments,  shears,  and  reactions,  412, 
415 

pin-connected,  1681 

riveted-truss  spans,  1675 

styles  of,  1640 

trestles,  1643 

details  for,  1683,  1684 
wooden,  origin  of,  27 

trusses,  forms  of,  1640 

wind  loads  for,  1651 
Railway  gauge,  355 

Railway  profiles,  estimates  based  on,  1361 
Railways,  elevated,  548-567,  1685 
Rainfall    and    run-offs    for   portions   of    the 

United  States,  1115,  1116 
Rail  type  of  bascule,  702-704,  714 

vertical  lift  bridge,  743 
Ram  for  boring  outfit,  1101 
Rankinc,  15 
Rankinc's  formula,  257,  1032 


Ransome,  28 

Rapid  transit  on  elevated  railroads,  548 

Rate  of  progress,  1876 

Rates,  cutting  of,  1605 

Rates  of  wages,  1756 

Rattler  test  for  brick,  1826-1831 

Ray,  G.  J.,  362,  1170 

Reactions  for  balanced  loads  on  rim-bearing 

swing  spans,  690 
Reactions  for  centre-bearing  swing  spans,  691 
Reactions  for  plate-girder  spans,   412,  414, 

416 
Reaming,  327,  338,  1200,  1782 
assembled  trusses,  1434 
connections,  1783 
necessity  for,  46 
templets,  328,  334 
Reciprocal  deflection.  Maxwell's  law  of,  237, 

246 
Reconstruction  of  existing  bridges,  1522 
planning  of,  1528 
substructure,  1529 
Records, 

blue-prints,  1403,  1404 
drawings,  1396,  1408 
field,  1475-1486 
daily,  1476 
final  quantities,  1485 
materials,  1477 
pier  sinking,  1479 
pile  driving,  1479 
shop  drawings,  1401 
Rectangular     beams     and     columns     under 
flexure    and    direct    stress    792, 
793,  820-833 
Rectangular     beams,    reinforced     concrete, 
795-799 
moments  of  inertia  of,  840 
reinforced  for  compression,  799 
varying  depth,  815 
Rectangular  footings,  stresses  in,  860 
Rectangular  slabs  reinforced  in  two  direc- 
tions, stresses  in,  851 
Rectangular  troughs,  349 
Red  lead  paint,  767,  771 
Red  Rock  Cantilever  Bridge,  598 

piers,  1022 
Reduction  of  live  load,  344 
Reduction  of  secondary  stresses,  201 
Redundant  bending  strength,  213 
Redundant  members  and  reactions  213,  271 
Reeves,  David,  24 
Refinement,  degree  of,  1377 
Refuge  bays,  361 
Regularity  in  attendance,  1608 
Reichmann,  Albert  F..  327,  330 
Reinforced  concrete  and  reinforced-concrete 
bridge  ,  783 
esthetics  in,  94 } 
American  practice,  evolution  of,  28 
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Reinforced  concroto  and  reinforced-concrctc 

bridges, 
arches, 

abutment, 

design,  941,  942,  944 
quantity  data,  1337-1437 
stresses,  911,  912,  915,  916 
abutment  piers,  942 
approximate  methods  of  calculation, 
piers  and  almtments,  911-915 
ril)s,  868-880 
arch  shortening,  864,  871,  881,  882, 

956 
banding  of  ribs,  944 
calculation  of  stresses, 

abutments  and  piers,  911-918 
ribs,  862-910 
centre  line,  determination  of,  863 
contraflexure,  point  of,  for  arch  short- 
ening and  temperature  stresses, 
870,  881 
cross  struts  for  ribs,  944 
defects  in,  1164 
deflection  of.  842 

designing,  940-944.     See  also  Calcula- 
tion, 
elliptical  ribs  for,  872 
equation  for  thickness  of  rib,  867 
exact  methods  of  calculation, 
abutments  and  piers,  915-918 
ribs,  880-910 
fixed  ended  ribs,  stresses  in,  862-910 
floor  system  for,  943 
hinging  of,  941 
open-spandrel  arches,  940 
piers, 

design,  941-944 
quantity  data,  1337-1347 
steel  in,  1344 
stresses,  911-918 
point  of  contraflexure  for  arch  short- 
ening and  temperature  stresses, 
870,  881 
quantities  in,  1330-1334 
reinforcement  of,  943 
solid-barrel  construction,  943 
solid-spandrel,  940 
substructure  for,  941 
temperature    effects     in,     864,     871, 
882 
bars.  See  Reinforcing  bars, 
beams  and  slabs, 
deflection  of,  842 

diagrams    for    designing.     iSee     Dia- 
grams for  Designing, 
intensities  for,  1657 
varying  depth,  836 
testing  of,  836 
beats    for    steel   trestles,   economicB   of, 
1205 


Reinforced  concrete  and  reinforced-concretc 
bridges, 
bond,  833 
caissons,  986 
camber,  753 
cantilever  beams  and  cross-girders,  922- 

924 
centrifugal  loads,  956 
classification  of,  953 
cofferdams,  977 
column  footings, 

calculation  of  stresses  in,  857-S61 

designing  of,  938 

quantities  of  materials  in,  1325,  1328 
columns, 

designing  of,  936-938 

quantities  of  materials  in,  1325-1327 

stresses  from  continuity,  850,  851 

unsupported  lengths  of,  960 
concentrated     loads,     distribution     over 

slabs,  852-857 
construction  joints,  950 
construction  work,  946-953 
continuous    beams,    moment    coefficients 
for,  845 

stresses  in,  842-851 
cost  of  materials  for,  1359,  1360 
cribs,  974 

critical   section   for   pure   shear   and   di- 
agonal tension  in  beams  of,  836 
designing.     See  Diagrams  for  Designing 
and  Quantities. 

arch  spans  and  piers,  940-944 

cantilever    beams    and   cross-girders, 
922 

column  footings,  938 

columns,  936-938 

fundamental  assumptions,  959 

main  girders,  924 

slabs,  918-922 

specifications  for,  95.3-963 

wall  footings,  939 
diagonal  tension,  833-836 

critical  sections,  836-839,  961,  962 
distribution   of  concentrated  loads  over 

slabs,  852-857 
drawings,  1382 
economic     comparison     of     arches     and 

girders,  1205 
economic  comparison  with  steel  bridges, 

1205 
economics  of,  1189 
edge  distance  of  bars,  minimum,  962 
eflfective  lengths,  960 
effects  of  changes  of  temperature,  957 
expansion  plates, 

main  girders,  937 

slabs,  921 
falsework,  946 
field  work,  946-953 
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Reinforced  concrete  and  reinforced-concrete 
bridges, 
floor  systems.      See  also  Floors, 
design,  918-924,  943 
economics  of,  1205 
quantities,  1321,  1322 
footings,  column, 
design,  938,  939 
stresses  in,  857-861 
footings,  wall, 

design,  939,  940 
stresses  in,  861,  862 
forms,  947,  949 

formulae     and     diagrams     for    designing 
beams  and  slabs,  791-836.      See 
also  Diagrams  for  Designing, 
fundamental    assumptions    in    designing, 

785 
girder  bridges,  depths  of  girders  and  foot- 
ings in,  1324 
girders,  main,  designing  of,  924-938 
girders,  quantities  of  materials  in,  1323 
handrails,  945 
highway,  1536,  1537 
history,  783 
impact,  955 
intensities  of  working  stresses,  264,  957- 

959 
loads,  954-957 
manner  of  loading,  838,  839 
minimum    spacing    of    reinforcing    bars, 

962 
minimum  thicknesses,  962 
moments  of  inertia  of  beams,   columns, 

and  arch  ribs  in,  839-842 
monolithic  structures,  stresses  in,  842 
notation,  785 
origin  of,  28 

piers  of  arch  spans.     See  Arches, 
piles,  1191 

principles  for  designing,  279,  280 
quantities.     See  Quantities  for  Concrete 

Construction, 
rectangular  beams, 

diagrams  and  formula  for  designing, 
791-836.    See  also  Diagrams  for 
Designing, 
moments  of  inertia,  839-842 
reinforcement,  950,  951.     See  also   Rein- 
forcing bars, 
retaining  walls.     See  Retaining  walls, 
shear  and  diagonal  tension,  833-836 
critical  sections,  836-839,  961,  962 
reinforcement^  833 
slabs,  918-922 

distribution     of     concentrated     loads 

over,  852-857 
reinforcement  in  two  directions,  851, 
852 
specifications  for  design,  953-963 


Reinforced  concrete  and  reinforced-concrete 
bridges, 

stresses  in  continuous  girders,  850 
monolithic  structures,  842 

surface  finish,  953 

T-beams,  806,  836,  961 
moments  of  inertia,  841 

temperature  effects,  212 

temperature  stresses,  870—872 

trestles,  536 

economic  span  lengths,  1327 
economics  of,  1191 

wall  footings, 

design,  939,  940 
stresses  in,  861,  862 

web  reinforcement,  833,  962 

wind  loads,  956 

working  stresses,  957-959 
"Reinforced     Concrete     Construction,"    by 

Hool,  863 
Reinforcing  bars,  48,  1779 

areas,  799 

bends,  963 

cost,  1359,  1360 

preparing  and  placing,  1865 

splices  and  development,  963 

weights,  799 
Rejection  of  bids,  1882 
Rejection  of  project  by  bankers,  1597 
Relation  of  the  bridge  engineer  to  his  pro- 
fessional brethren,  1626 
Reliability  of  boring  evidence,  1099 
Remodeling  of  substructure,  1749 
Remodeling  of  superstructure,  1751 
Remoteness  from  sharp  bends,  1090 
Removable  cofferdams,  990 
Removal, 

debris,  1769 

forms  from  concrete,  952 

old  structure,  1749 
Renewals,  1508 

bridges,    description    of    various,    1512, 
1513 

cost  of,  1362 

erection  alongside  of  old    bridge,    1510, 
1511 

gallows  frames,  1512 

maintaining  traffic  during,  1529 

substructure,  1509,  1529 

truss  members,  1529 

wooden  bridges,  775 
Repairing, 

asphalt  pavement,  1817 

bridges,  1519,  1522 
economics  of,  1525 

Fort  Leavenworth  Bridge,  1531 

Little  Rock  Junction  Bridge,  1630 
Reports,  1572 

attributes  of,  1573 

bridge  engineering,  kinds  of,  1672 
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Reports, 

contents  of  proper,  1B7S 
design,  1574 

enginoor's  work  (another),  1627 
examples  of,  1574-1581 
field,  1475,  1485-1488 
borings,  1107 

report  sheet  for,  1108 
cement,  1487 
daily,  1485 
plant,  1488 
speeial,  1488 
weekly,  1486 
integrity  in,  1573 
sequence  in,  1573 
structures,  existing,  1573,  1574 
structures,  projected,  1574 
style  of,  1572,  1573 
valuation  and  earning  capacity,  1574 
Requirements  for  carbon  steel,  1770 
Requirements  for  nickel  steel,  1771 
Requirements  of  the  United  States  Govern- 
ment    for     bridging     navigable 
waters,  1137 
Re-railing  apparatus,  1637 
Re-railing  frogs,  364 
Resal,  Jean,  1071 
Resident  engineer, 

field  equipment,  1488,  1489 
field  office,  1768 
functions,  1466 
necessity  for,  1466 
responsibility,  1489 
Resistances,  1704 
Responsibilities : 
accidents,  1765 
assuming,  1616 

bridge  engineer,  classification  of,  1611 
dodging,  1616 
errors,  1612,  1614 
financial,  1612 
legal,  1611,  1612 
moral,  1612,  1613 
resident  engineer,  1489 
Rest  piers,  779 
Retaining  employees,  1609 
Retaining  walls,  535,  1031-1043 
•iantilever  type,  1035-1037 
counterforted  type,  1037-1042 
design  of  base,  1038-1040 
loads  on  base  slabs,  1039 
expansion  joints,  1037,  1042 
piles  for,  1042 

quantities,  1300,  1317,  1318 
reinforced-concrete,  1035-1042 
reinforcing  of  counterforts,  1040-1042 
wall  footings,  861,  862,  939,  940 
design,  939  ,  940 
quantities,  1042 
stresses,  861,  862 


Retempering  of  mortar,  1044 
Retreats,  safety,  542 
Return  of  papers,  1882 
Returning  of  shop  drawings,  1399 
Revenue,  estimating  of,  1362,  1363 
Reversal  of  stresses,  253 
Reverse  curves,  133,  1212 
Reversing  stresses,  1657 

intensity  for,  265 
Revetment  for  shore,  1058 

concrete,  1062 
Revisions  in  calculations,  1390,  1391 
Reynders,  J.  V.  W.,  69-71 
Ribs,  arch, 

determination  of  centre  line,  863 

quantities,  1330-1334 
Richards,  Dr.  J.  W.,  90,  91 
Rider,  Nathaniel,  22 
Right-angli  d  crossings,  1090 
Right-line  formula,  15 
Righting  of  caisson,  997 

East  Omaha  Bridge  piers,  1073 
Rigidity,  749 

importance  of,  269 
Rim-bearing  swings,  tracks,  rack,  rollers,  and 

centre-casting  for,  1713 
Rio  Grande  Bridge,  Costa  Rica,  632 
Rip-rap,  objections  to,  1212 
Rip-rapping,  970 

piers,  996 
Risk,  contractor's,  1766 
River  beds,  scouring  of,  1129 
River  conditions,  1754 
Riveted  bridges,  old  type, 

advantages,  748 

disadvantages,  747 
Riveted  connections, 

laterals,  399 

plate-girders,  445 
Riveted-girder  spans,  1674 
Riveted  tension   members,   net  sectione  of, 

295-298 
Riveted  truss  bridges,  31 

advantages,  748,  749 

details  of  design,  1675 

highway,  1680 

limiting  lengths,  749 
Riveted    versus    pin-connected    trusses,    31; 

747 
Rivets  and  riveting,  1665,  1666,  1781 

arrangement  of  sections  for,  493 

bearing,  310 

bearing  values,  tables  of,  325 

diagrams,  519,  520 

direct  tension,  276 

chrome-vanadium  steel,  84 

eccentric  loads  on  groups  of,  29&-301 

field,  276,  1782 

grips,  333 

heads  in  cover-plates,  428 


xc 


INDEX 


Rivets  and  riveting, 

high  alloy  steels,  84 

holes,  1781 

number  to  be  deducted,  512 

intensities,  264 

laying  out,  298 

lining-up,  328 

long,  31 

loose,  1433 

detection,  1517 

moments  on,  298 

nickel  steel,  61 

pitches    in      plate-girder    flanges,    432- 
441 
cantilever  beams,  436,  444 
component  parts,  437,  438 
curved  flanges,  437 
incUned  flanges,  433-436 
variation     throughout     girder,     438- 

441 
vertical  loads,  437—438 

spacing,  332 

spUces,  511 

shearing,  310 

shearing  values,  table  of,  325 

special  points  about,  1423 

testing,  1432 

unnecessary,  503 
Road  roller,  108 

weights,  118 
Roadway  hghts,  1797 
Roadways, 

crowning,  372,  373 

drainage,  373,  1835,  1836 
Robinson,  A.  F.,  347,  349,  1067 
Robinson,  Professor  S.  W.,  124 

formula    for     the     effect    of    vibration, 
124 
Rock  dams,  973 
Rock    Island    Bridge    draw    span,    sprocket 

chain  gearing  for,  1067 
Rocker  bearings,  sliding,  459 
Rocker  ends  for  plate-girder  spans,  453 
Rocker  shoes,  545 

plate-girders,  454,  455 
Rods,  adjustable,  388 
Rods,  reinforcing.     See  Reinforcing  bars. 
Roebling,  John  A.,  21,  23 
Rolled  carbon  steel,  45 
Rolled  I-beam  bridges,  408 

designing,  460 

details  of  design,  1667,  1668 

economics,  410 
Roller  bearings  for  swings,  1717 
Roller  bearing  type  of  bascule,  701 
Roller  nests  for  swing  spans,  696 
Rollers,  455-458,  1786 

bases,  457,  458 

dust  guards,  456 

expansion,  for  truss  spans,  1679 


Rollers, 

plate-girder  spans,  455-458,  1671, 1673 

round,  456 

segmental  337,  455,  456 

swing-spans,  1714,  1716 
Rolling  brick  pa\^ng,  1832 
Rolling  lift  type  of  bascule,  701 

erection,  335 
Roman, 

arch  sewers,  10 

bridges,  6,  10 

cements,  55 

masonry  arches,  9 

substructure,  12 
Roof  of  working  chamber,  1048 
Rope.     See  also  Tables  for  Designing, 

dressing,  1791 

operating,  1725 

sockets,  312,  313,  1719,  1789 

supports,  1725 

wirfe,  49.     See  also  Tables  for  Designing. 
swing  spans,  1718 
tables,  310,  311 
Roper,  Oscar,  717 
Rosendale  cement,  55 
Rostoff  (Russia),  Lift  Bridge,  740,  742 
Rotating  cantilever  draws,  665,  666 
Rotating  draws,  1686,  1687 
Rouen  Bridge,  673 

Round  bars,  weights  and  areas  of,  7W 
Round-ended  girders,  333 
Round  rollers,  456 
Routing  of  freight,  1754 
Royalties,  1755 

Ruhrort  (Germany)  Bridge,  598 
Running-plates  for  rails,  353 
Run-off, 

author's     recommendation     concerning, 
1136 

average,  for  the  United  States,  1117 

formula,  divergence  of  results  of,  1110 

methods  of  figuring,  1118,  1119 

records,  1115 

various  portions  of   the   United   States, 
1115,  1116 
Runways,  1769,  1841 
Rust  joints,  688 
Rusting,  1517 

bridges,  1522 

steel,  765 


St.  Charles  (Missouri),  Bridge  failure,  1641 
St.  John  &  Quebec  Ry.  Vertical  Lift  Bridge, 

743,  745 
St.  Louis  Free  Bridge,  91 

nickel  steel  for,  91 
Safety  in  pier  designing,  972 
Safety  retreats,  542 


INDEX 


XCl 


Sags  in  Krado,  1091 

Sags  in  track,  1212 

Saiut^Venaiit,  14 

Salcni,    Falls    City,    and    Western    Ry.   Lift 

Hridno  at  Saleni,  Ore.,  7.'37,  741 
Salesmanship,  1591,  1592 
Salt  in  concrete,  effect  of,  1044 
Samples    of    asphalt    paving,     1812,    1818, 

1822,  1823 
Sand, 

asphalt  pavement,  1811 

concrete,  54 

specifications,  1851 

washing,  1044 
Sand-bars,  making  borings  on,  1105 
Sand  blast,  768 
Sand  cushion,  368 
Sand  filler,  368 

Sand  Point  (Idaho) ,  Lift  Bridge,  724 
San     Francisco     Bay,     proposed    cantilever 

bridge,  608-610,  614,  616 
Scaffolding  for  borings,  1104 
Scale  or  proportion  of  parts,  1160 
Scales  for  drawings,  1380 
Schedule  prices,  1885 
Schedules  of  charges,  1602-1604 
Scherzer  Rolling  Lift  bascules,  701—703,  714, 

716 
Schneider,    C.    C,    30,    120,    608,    642,    679, 
683,  686,  687,  1412 

formula  for  impact,  120 
Schuylkill      River      Bridge,      Philadelphia, 

21 
Schwedler  truss,  468.  476 
Scioto^'ille  Bridge  over  the  Ohio  River,  25, 

26,  31,  471,  482 
Scope  of  contract,  1869,  1870 
Scouring,  995,  1128 

determination  of  probability  of,  969 

river  beds,  1120 
Scows  for  borings,  1097,  1104 
Screens,  342 

bridge  floors,  386 
Screw,  1730 

piles,  1012 

spikes,  362,  363 
Sea  worms,  effect  of,  780 
Seals,  1886 

Seaman,  Henr>-  B.,  127 
Seats  for  shoes,  459 
Second-class  masonry,  1863 
Second  coat  of  paint.  766 
Second  Narrows  Bridge,  at  Vancouver,  B.  C, 

343,  1076 
Secondary  stresses,  178-210,  217-226 

avoidance  of,  200 

cantilevering,  effect  of,  202 

classification  of,  179 
.^   correction  of,  203,  1784 
f   J  history  of,  16 


Secondary  stresses, 

K-system  of  trussing,  194 

Petit  trusses,  J  94 

pins,  effect  of  on,  200 

reduction  of,  201 

short  method   of  computation  for,    181, 
185 
Secrecy,  1629 

promotion,  1599 
Sections, 

arches,  618 

metal,  47 

net,  riveted  tension  members,  29.5-298 

truss  members,  489-503,  526-530 

unusual,  48 
Securities,  guaranteeing  of,  1599 
Seepage,  975,  1059 

injury  to  metal  by,  769 
Segmental  rollers,  337,  455,  456 
Selection  of  layout,  1088 
Selection  of  type  of  cofferdam,  980 
Seltzer,  H.  K.,  1463,  1513 
Semaphore  lights,  1800 
Semi-cantilevering,  574,  575,  577 

camber  for,  759 

method  of  erection,  1074 

secondary  stresses  due  to,  202 
Semi-circular  stone  arches,  10 
Sense  of  fitness,  inherent,  268 
Service  lights  and  roadway  lights,  1797 
Service  of  bridge  engineer,  value  of,  37 
Settlement  by  court,  1617 
Sewers,  maintenance  of,  1752 
Sewickley  Bridge,  596 
Seymour,  Silas,  27 
Shafts  and  shafting,  steel,  1728,  1779 

cold-rolled,  337 

forged,  337 

tower-sheaves,  1721, 
Shafts  of  piers  and  pedestals, 

batters  of,  1051 

designing  of,  1024 

piers,  1020,  1023,  1051 

reinforced-concrete  bridges,  954 
Shallow  floors,  349,  353,  493 
Shallow  foundations,  allowable  pressures  on, 

966 
Shapes,  structural,  origin  of,  17 
Shear, 

intensities  for,  257 

lacing,  290 

maximum, 

criterion  for,  162,  164    ■ 
plate-girders,  412,  418 

pins,  264,  1658 

plate-girders,  412-416 

reinforced-concrete      beams    and     slabs, 
1657 

rivets,  tables  of,  325 

timber  beams,  302 
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Shear    and    diagonjiJ    tension    in    reinforced 

concrete,  961 
Shear,  bond,  and  web  reinforcement,  833 
Shear-pole  draw  bridge,  665 
Sheared  edges,  339,  1780 

planing  of,  328 
Sheathing.  1048 
Sheave, 

deflecting,  1726 
hoods,  1722 
tower,  1720,  1721 

bearings,  1722,  1789 
shafts,  1721 
Shedding  pigment,  765 
Sheet  pihng,  974,  1011,  1013 

steel,  977 
Shelf  angles  on  floor-beams,  377 
Shelter  houses,  1840,  1841 
Shelves,  erection,  330 
Sherwin  and  WilUams  paints,  771 
Shifting    of     channel    as    affecting    layout, 

1215 
Shimming  of  ties,  360 
Shims,  1731 
ShingHng,  518 
Shipping,  1766 

boring  tools,  1105 
plate-girder  spans,  409 
Ships,  loading  metal  on,  1766 
Shock  of  falling  span,  1077 
Shoes,  452-460,  532,  533,  1680 
eccentric  loads  on,  304-309 
plate-girder  spans,  452-460 
adjustment,  459,  460 
fox-bolts,  453,  454,  457 
grillages,  459 
grouting,  459,  460 
masonry  plates,  453 
roller  and  rocker  shoes,  455-458 

size  of  base  required,  457 
sliding  bearings,  plain,  454,  458 
sliding  rocker  shoes,  454,  459 
types  of  bearings,  453 
truss  spans,  532,  533,  1680 
Shogun's  Bridge  at  Nikko,  Japan,  7,  8 
Shop  drawings, 

checking,  1385,  1396,  1398,  1402 
filing,  1402,  1411 
record,  1401,  1409 
returning,  1399 
Shopwork,  327 

affecting  bridge  design,  326 
inspection,  1422 
Shore  protection  and  mattress  work,   1058, 

1866 
Short-leaf  yellow  pine,  52 
Shortening  of  arches,  864 
Shortening  of  stringers,  209 
Shrinkage  of  timber,  772 
Shrubbery,  1156 


Shunk,  Major  F.  R.,  947 

Side  friction  on  caissons,  964,  967,  906 

Side  plates,  328,  329 

plate-girders,  437 

truss  members,  495 
Side-tracks,  1753 
Sidewalks,  372 

concrete,  1836 

drainage,  372 

flooring,  372,  1836 
Siemens-Martin  process,  17 
Signals, 

bells,  1802 

bridge  traffic,  1707,  1708 

hghts,  1800 

na\T[gation,  1707,  1708 

vessel,  1801 
Signatures,  witnesses  to,  1886 
Silicon,  steel,  28,  88,  1265 

economics  of,  89 

excess  cost  of,  88 
Simple  truss  bridges,  468 

cambering  of,  754,  755 

converted    into    a    cantilever    structure, 
1079 

longest,  25 

Mayari  steel,  71 
Simplicity,  267 
Single-angle  connections,  293 
Single-concentration  method,  170 
Single-intersection  triangular  truss,  468,  470, 

471 
Sink-fascines,  1061 
Sinking  caissons,  999 

bed-rock,  1026 

boulders,  992 

clay,  993,  995 

cost  of,  982 

limiting  amount  of  per  day,  982 

record  of,  1479 
Sinking  piles  by  water  jets,  1015 
Sioux  City  Bridge  triangulation,  1463 
Siren,  electric,  1801 
Skew  bridges,  271,  333,  334 

arrangement  of  panels  and  trusses,  484— 
488 

number  of  trusses  in,  484 

polygonal  top  chords,  487 

portals,  403,  485 

squaring  ends  of  in  floor  system,  354 
Skew  crossings,  1212 
Skid  girders,  533 
Skiff  for  borings,  1105 
Skinner,  F.  W.,  454,  455 
Skinning  structures,  29 
Slabs, 

concentrated     loads,    distribution     OA'er, 
852-857 

counterforted  retaining  walls,  loads  on, 
1039  I 
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Slabs, 

dc.!iiniiiiiK  of,  91S 

pouriiiK  of,  952 

reinforcod  in  two  dircctLnns,  stresses  in, 
So  1-852 
Slater,  \V.  A.,  852,  857 
Sleeve  nuts,  staggering  of,  336 
Slettuni,  E.  A.,  792,  848,  8G5 
Slide  rule,  1376 
Sliding  banks,  1074 
Sliding  bearings  for  plate-girders,  458 
Sliding  friction,  1032 
Sliding  joints  in  trestles,  539 
Sliding  rocker  bearings,  459 
Slope  of  stream,  1120 
Smith,  Albert  Henry,  679 
Smith,  C.  E.,  1543 

Smith,  C.  Shaler,  25,  27,  29,  608,  1072 
Smith,  Latrobe  &  Co.,  27 
Smith,  T.  A.,  296 
Smith,  W.  M.,  941 
Smoke  protection,  1662,  1841 
Sockets,  rope,  312,  313,  1719,  1789 
Soft  steel,  45 
Soils, 

characteristics  of,  1010 

compacting  of,  1008 

equilibrium  of,  1010 

permissible  pressures  on,  964 
Soldiering  on  work,  1583 
Soldiers  marching,  effect  of,  117 
Sole  plates,  beveled,  1067 
Solenoid  brakes,  1703,  1797 
Sohciting  work,  1606 
Sohd, 

barrel  arch  ribs,  943 

deck  floors.     See  Floors. 

driUing,  334 

rib  arches,  636 

spandrel  arches,  940 

webs,  331 
Solitary  bents,  211 
Soundings,  1147 

Sources  of  supply  for  materials,  1756 
Southern  Pacific  Lift  Bridge,  728,  731 
South  Halsted  Street  Lift  Bridge,  Chicago, 

718-720 
Spacing, 

columns,  economics  of,  1194 

counterforts,  1042 

girders,  409,  1637 

reinforcing  bars,  minimum,  962 

stringers,  etc.,  1637 

ties,  360 

towers,  541,  542,  1644 

tracks,  355,  1639 

trusses,  483,  1638 
Span  lengths,  determination  of,  1371 
Span  lengths,  economic,  1187 
Span-locks  and  buffers,  1724 


Span  renewal  by  barges,  1610 
Spandrel, 

girders     and     coluinns,     (luantities     for, 
1329 

walls,  quantities  in,  1330,  1331 
Spandrel-braced  arches,  636 
Special  material,  332 
Special  reports,  1488 
Specialists,  41 
Specialization,  36 
Specialty  of  bridge  engineering,  36 
Specific     clauses     in     specifications,     1650, 

1651 
Specific  gravity  test  for  asphalt,  1821 
Specifications  for  design  and  construction, 

asphalt,  1809 

bridges  and  subways,  by  Seaman,  127 

manufacture  and  erection,  1741-1891 

piers,    abutments,    and    retaining    walls, 
design,  1045-1057 

reinforced-concrete  bridges,  design,  953- 
963 

steel  superstructures,  design,  1632-1740 
Specifications  in  general,  1548 

adherence  to  in  bidding,  1869 

common  sense  in  interpreting,  1556 

contracts,  dividing  line  with,  1557 

definition,  1548 

designing,  1556 

favoritism,  avoidance  of,  1554 

filing  of,  1386 

first  printed,  29 

function  of,  true,  1551,  1552 

general  clauses  of,  1548,  1549,  1550 

importance  of,  1549 

language  in,  1553 

manufacture  and  construction,  1556 

necessity  of,  1550 

objects  of,  1548 

precision  in,  1555 

salient  features  of  good,  1552 

specific  clauses  of,  1550,  1551 

spirit  of  the,  1757 

without  plans,  1551 

writing,  foundation  of,  1549 

writing,  teaching  of,  1549 
Specimens  for  testing,  1773 
Speed  of  train,  133 

critical,  124,  126 
Spikes,  362,  363,  1050 
Spilsbury,  E.  Gybbon,  662 
Spiral,  355 
Spiral  approach  to  Havana  Harbor  Bridge, 

1076,  1157 
Spirit  of  the  specifications,  1757 
SpUces,  507-512,  517,  518 

columns,  338 

compression  chords,  292 

development  of  reinforcing  bars,  963 

flanges  of  plate-girders,  421 
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Splices, 

location  of,  508,  510 
panel  points,  517 
partial,  532 
plate-girders, 
field,  409 
flanges,  421 
web,  420,  447-452 
design,  450-452 
loads,  447,  450 
types,  447-449 
plates,  bending  stresses  in,  448 
rail,  356 

rivet-spacing  in,  511 
timber,  772 
truss, 

analysis  of,  507 

bottom  chord  splice,  O.-W.  R.R.  &  N. 

Go's  bridge,  517 
butt,  508,  510-512 
compression,  518 
lap,  508,  510-517 

design  of  tension  lap  splice,  512- 
517 
location,  508-510 
number,  508-510 
field,  508-509 
shop,  509 
panel  points,  517 
plates,  arrangement  of,  511 
rivets,  511 

arrangements,  511,  512 
compression,  511 
tension,  511-512 
net  section,  511 
table  of  holes  out,  511,  512 
types,  508 
webs  of  plate-girders,  420,  447-452 
Spread, 

footings,  1028 
spans,  1074 
tracks,  537 
Springs,  encountering  of,  979 
Spur  dykes,  1058 
Squad  bosses,  1391-1393 
Squad  work,  1391-1393 
Square  bars,  weights  of,  799 
Square-column  footings,  838 
Square-ended  girders,  333 
Square  ends,  331 

Squaring  ends  of  skewed  structures,  354 
Stadia,    use   of,    for    hydrographic    surveys, 

1147 
Staging,  1769 

pier  location,  1471 
Stairways,  1734,  1841 
Standard, 

dimensions,  332 

gauge,  355 

sections,  economics  in  using,  1201 


Standard, 

sheets,  1396 
widths  for  bridges,  332 
Star  struts,  279 
Starting  work,  1884 
State  bridge  engineers,  1535 
State  Highway  Commissions,  30 
Statham,  H.  Heathcote,  1163 
Stations  of  elevated  railroads,  549 
Status  of  bridge  engineering,  1601,  1602 

highway  bridge  building,  1532 
Stay  plates,  274,  285,  493,  505 
Steam  hammer,  1015 
Steel, 

acid  open-hearth,  46 
alloy,  28,  57 

maximum  strength  of,  58 
aluminum,  82 

arch  piers  and  abutments,  1344 
arches,  cambering  of,  760 
bending  tests,  1774 
Bessemer,  46 
bridges, 

life  of,  37 

origin  of,  17,  27 
cables,  weights  of,  96 
caissons,  990 
carbon,  45 

content  in,  46 

requirements  for,  1770 
castings,  48,  1777 

annealing,  338 
chrome,  58 
chrome-nickel,  58 
corrosion  in  salt  water,  986 
drifting  tests,  1775 
erection,  1848 
error,  limits  of,  1784 
finish  of,  1776 
fracture  of,  1775 
hand-rails,  1786 
Hay,  57 
high,  45 

intensities  for,  257 
manganese,  57 

Mayari,  G8.     See  also  MayarJ  steel, 
medium,  45 
nickel,  28,  57,  58 

brittle  zone,  61 

composition,  60 

elastic  limit,  59,  60,  91 

experiments  by  author,  58 

eye-bars,  61,  93 

manganese,  61 

plate-and-shape,  61,  93 

price,  60 

requirements,  1771 

rivets,  61 

weights,  61 
number  of  test  pieces,  1774 
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Steel, 

open-hoarth,  origin,  17 

piles,  1013 

purified,  72 

excess  cost  of,  73 

rails,    inspection    of,    1440-1442,  1447 

reinforcing,  cost  of,  1369,  1360 

rusting,  765 

sheet  piling,  977 

shells  for  piers,  1025 

maintaining  form  of,  1859 

silicon,  28,  SS,  265 

soft,  45 

stringers  for  highway  floors,  365 

superstructures,     specifications     for     de- 
signing, 1632 

tapes,  1786 

triangulation  -n-ith,  1456 

testing,  methods  of,  1772 

ties,  363,  370 

trestles,  536 

heights  of,  542 

vanadium-carbon,  89 

weight  of,  96 

weights  of,  in  superstructures,  1219 

working  stresses  for,  1655,  1756 
Steinman,  Dr.  D.  B.,  655,  656,  659,  1207 
Stenographic  work,  1388 
Stephenson,  Robert,  17,  23 
Steubenville  Bridge,  Ohio,  24 
Stewart,  L.  S.,  1513 
Stiffeners, 

crimping  of,  328,  421,  1203 

end,  444^47,  464,  467,  1670 

I-beam  spans,  301 

intermediate,  421,  430,  1670 

tight  fit  for,  331,  339,  421 
Stiffening  of  long  struts,  390 
Stiffening  trusses  of  suspension  bridges, 

alloy  steel  in,  655 

ambiguity  in,  659 

economic  depths  of,  655 

intermediate  hinges  in,  655 

spacing  of,  656 

weights  of,  650-653 
Stock, 

amount  of,  1598 

bonus,  1607 

promises,  1600 
Stock  material,  inspection  of,  1437 
Stock-ramming,  976 
Stone,  53 

arches,  semi-circular,  10 

asphalt  pavement,  1811 

block  pavement,  370 

broken,  specifications  for,  1851 

concrete,  53 

dust,  53 

masonry,  inspection  of,  1453 

masonry  piers,  1020 


Stone, 

testing  at  crusher,  1470 
weight  of  compacted,  96 
Stopping  leaks  in  cofferdams,  97G 
Storage  facilities,  1753 
Storing  materials,  1886 
Straightening,  332,  1781 
channels,  1090 
metal  in  rolls,  1431 
Strait  of  Canso,  proposed  cantilever  bridge 

for,  593,  1160 
Strap-plates  for  cantilever  beams,  379,  380 

plate-girder  splices,  449 
Strauss,  J.  H.,  716 

trunnion  bascule,  704,  705,  714,  715 

heel-truiniion  bascule,  706 
vertical  lift  bridge,  743 
Stream     conditions     as     affecting     layout, 

1215 
Stream  meanders,  1091 
Stream,  slope  of,  1120 
Street  railroad  tracks,  1635 
Strength  of  timber,  772 
Strengthening  cylinder  piers,  1530 
Stresses, 

alternating,  255 
analysis,  origin  of,  15 
arch  ribs  with  fixed  ends,  862 
bearing,  255 
bending,  203 

cantilever  bridges,  570—572 
coefficients  for  trusses,  171-177 
combinations  of,   250,    960,    1376,   1658, 
1659 
swing  spans,  1689,  1690 
computation, 

coefficients   for   trusses,    171-177 
concentrated-wheel-load,    method    of, 

160,  161 
equivalent  uniform  load  method  of, 

164,  165 
methods  of,  158 
diagrams,  1379 

old  bridges,  1519 
frequency  of  application  of,  275 
indeterminate, 

avoidance  of,  217,  226 
locations  of,  223 
lateral  systems,  175—177,  387 
longitudinal     deformation      of      chords, 

208 
monolithic  structures,  842,  961 
oft-repeated,  255 
reversal  of,  253,  1657 
temperature,  210 
theory,  origin  of,  13 
trusses,  coefficients  for,  171-177 
working,  1654,  1657 
Stretch  of  ropes,  1719 
Strictness  of  inspection,  1764 
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Stringers, 

arrangement,  375,  376 

bracing,  294,  395,  405 

brackets,  376 

connection  angles,  376 

connections,  329 

connections  to  laterals,  399,  400 

continuity,  210 

coping,  375 

equivalent  live  loads,  166 

fillers  under  ends,  302,  376,  377 

fitting,  376 

flanges,  328 

framing  in,  329 

iron,  origin  of,  24 
.    lengths,  376 

milling,  376,  1783 

number  per  track,  354 

pile  trestles,  774 

railway  truss  spans,  1676,  1677 

shortening,  209 

spacing,  1637 

timber,  369,  774 
Strobel  Steel  Construction  Co.,  716 
Structural, 

hand-rails,  383,  384 

shapes,  origin  of,  17 

steel,  limits  of  error  in,  1784 

supports  for  machinery,  1697 
Structure,  layout  of,  1372 
Structures,  noiseless,  348 
Strut  connections,  lateral,  293 
Struts  stiffening  of  long,  390 

star,  279 
Styles  of  highway  bridges,  1640 
Styles  of  railway  bridges,  1640 
Subdivided  panels,  480,  481 
Subdivided  triangular  truss,  471 
Subletting  of  contract,  1566,  1882,  1885 
Submission  of  plans  by  bidders,  1629 
Submitting  plans  on  approval,  1623 
Sub-punching,  accuracy  of,  1436 
Sub-punching     and      reaming,      327,     338, 

1782 
Substructure, 

construction  expenses,  1366,  1367 
reconstruction,  1529 
reinforcod-concrete  arches,  941 
remodeling  of,  1749 
renewal,  1509,  1529 
Roman,  12 
Successors  and  assigns,  1563 
Suggestions  to  contractor,  1470,  1471 
Sukkur  Bridge,  India,  1179 
Sumps,  978 

Sunday  contracts  illegal,  1571 
Superelevation,  355 

crowned  roadways,  372,  373 
curves,  1637 
effects  of,  132-134 


Superelevation, 

electric  railway  lines,  134 

shallow  floors,  353 
Superstructure, 

remodeling,  1751 

specifications  for  designing  steel,  1632 

weights  of,  steel  in,  1219 
Supply  cables  for  swing  spans,  1706 
Supply  shaft,  1006 
Supports, 

machinery,  1697 

operating  ropes,  1726 
Surcharge,  1032 
Surety  consent,  1885 
Surface  finish  of  reinforced-concrete   work, 

953 
Surface    of   concrete,   method    of    forming, 

1853 
Survey, 

preliminary,  1088,  1091 

hydrographical,  1091 

navigable  waters,  bridging  of,  1147 

topographical,  1091 
Suspended      span,       economic     length     of, 

1198 
Suspending    cables    for    vertical-lift    spans, 

1718, 1719 
Suspending  of  caissons,  994,  1000 
Suspension  bridges,  647,  649 

American,  principal,  21,  23 

anchored  ends,  654 

backstays,  658 

camber,  752,  761 

cantilever  bridges,   economic  comparison 
with,  1206,  1207 

conditions  calling  for,  659 

detail  for  suspended  spans,  1077 

development,  648 

economic  cable  rise,  656 

erection,  1506 

greatest  practicable  span  length,  656 

hoisting,  1077 

iron  chains,  6 

longest,  659 

origin,  6 

prototypes,  3 

stiffening  trusses,  648 

maxinuim  bending,  650 
maximum  shear,  650 

stresses  in  towers,  658 

study,  662 

suspension  detail,  1077 

towers,  658 

weights  of  material  in,  656,  657 

Wheeling,  21 
Sway  bracing,  387 

connections,  506 

deck  bridge,  1642,  1643 
Swelling  of  timber,  773 
Swensson,  Eric,  669 
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Swing  spans,  66  l.  6t«4-699,  1686, 1687 
adjust  ins,  695 

anohorii.K.  154,  693,  1075,  1693 
bearing-blocks  under  drums,  1694 
bol>tailed,  66-1 

Boiler's  formula  for  i>o\ver,  089 
camber,  75.'i,  701,  1692 
centre-lieariiiK,  G9('),  1695 

centre  wedfies,  1717 

distribution  of  load,  087 

pivot,      tracks,      rack.      aiuJ     rollers, 
1716 
classification,  084 
comparative  costs,  698 
comparative  weights,  098 
comparison  with  bascules,  1208 
comparison  with  vortical  lifts,  1208 
deflection,  1692 

double-rotating  cantilever,  005,  006 
drums,  OSS,  1692 

designing,  091-092 
economic  functions  of,  1194 
end  lifts,  095,  1717 

machinery,  1724 
equalizers  for  driving-pinions,  693 
floating,  084,  1073 
latches,  1718 

live-load  stresses,  689—691 
loading-girders,  1692 
loads,  1687-1689 
machinery,  1726 
man-power  machinery,  097 
percentages   of   weights  of    aietal  in,   as 
compared  with  simple  spans  of 
same  length,  1249 
power,  1698-1700 
racks,  1715,  1716 
rail  hfts,  090 
reactions  for  balanced  loads,  rim-bearing, 

690 
reactions  for  centre-bearing,  091 
rim-bearing  vs.  centre-bearing,  085,  086 
rim-bearing, 

centre-casting,  1715 

tracks,  rack,  rollers,   and   centre-cast- 
ings, 1713 
rising  of  ends,  694,  695 
roller  bearings,  1717 
roller  nests,  690 
rollers,  1714,  1716 
rust  joints  for  drums,  OSS 
stress-combinations,  1689,  1690 
styles  of  trusses,  1686 
trusses,  details  of  design  for,  1691 
wedges,  090 

weights  of  metal  for,  1242-1249 
wind  loads,  154 
Switch  points  for  creeping  of  rails,  357 
Switches  and  swatch-boards,  1706,  1796 
Switches,  limit,  1706,  1797 


Symmetry,  273.  274,  1166 
Systemization,  268 


T-beams,   reinforced-concrete,  806,  836,  96: 

moments  of  inertia  of,  841 
Tables  for  designing  and  detailing, 
accuracy  of  calculations,  1377 
bars,  reinforcing,  weights  and  areas,  of  799 
concrete, 

coefficient  of  elasticity,  959 
strength  of  mixtures,  957 
imit  stresses,  958 
weights  and  areas  of  bars,  799 
cost  data, 

material  delivered  at  bridge  site,  1359 
material  in  one  cu.  yd.  coiuTctc,  1356 
material  in  place,  1355,  1360 
Dun  drainage  table,  1112 
engine  diagram.  Class  50  loading,  103 
foundations, 

arch  bridges,  concrete,  piers  and  abut- 
ments, 1339 
cylinder  piers, 

bracing,  1050 
highway,  1055 
roof     thickness,     pneumatic     caisson, 

working  chamber,  1049 
safe  loads,  966 
machinery, 

gears,  factor  of  strength  y  for,  1711 
gears,  pitch  diameter,  314-321 
hand  brakes,  value  of  ^  for,  1705 
unit  stresses,  1710 
wire  ropes, 

allowable   variation   in   fabricated 

length,  1719 
bending  stresses  in,  311 
properties  of,  310 
sockets  for,  312,  313 
weight  of,  310 
plate-girder  flanges, 

area  and  weights  of  cover-plates,  426 
centre  of  gravity,  424,  425,  427 
make-up,  no  cover-plates,  430 
make-up  with  cover-plates,  423 
unsupported  length,  431 
plate  -  girders,  spacing  of    stiffcners    for. 

1670 
radii  of  gyration,  approximate,  504 
reinforced-concrete.     Sec  concrete, 
rivet  holes  deducted  from  built-up  mem- 
bers, 512 
roller  shoes,  dimension  of,  457 
stresses  in  trusses,  coefficients  for 
chords  of  lateral  system,  177 
diagonals  of  lateral  system.  170 
live-load  reactions,  169 
Pratt  trusses,  171 
triangular  or  Warren  trusses,  172-174 
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Tables  tor  designing  and  detailing, 

swing  bridges,  ratio  of  uplift  to  dead  load, 

1650 
ties,  railway, 

allowable  span  lengths,  360 
sizes   for   various   loadings  and  span 
lengths,  359 
timber,  unit  stresses  for,  776 
trusses, 

spacing  for  railway  deck  bridges,  1638 
weights,  formuljB  for,  1287 
unit  stresses, 

bearing  on  carbon  steel  pins,  323 
bending  on   carbon   and   nickel  steel 

pins,  324 
compression  for  carbon  steel,  322,  323 
concrete,  958 

coefficient  of  elasticity,  959 
strengths  of  mixtures,  957 
increases  in  intensities  for  combina- 
tions of  loadings,  960 
shear  and  bearing  values  for  carbon 

steel  rivets,  325 
wire  ropes,  310,  311 
waterways  required  for  drainage   areas, 

1112 
weights  of  reinforcing  rods,  799 
Tacoma  City  Waterway  Vertical  Lift  Bridge, 

734,  735 
Talbot,  A.  N.,  836,  857,  858,  860 
formula  for  discharge  area,  1113 
precipitation  formula,  1118 
Tap-bolts,  1731 
Tapes,  steel,  1786 

temperature  effect  on,  1457 
testing  of,  1457 
triangulation,  1456 
Targets,  1467 

Tar  paper  for  plank  floors,  368 
Tees,  48 

Tehama  Lift  Bridge,  728 
Telescoping  connections,  508 
Telescoping  of  cylinder  piers,  1026 
Temperature, 

changes    in    reinforced-concrete   bridges, 

957 
eflFects,  1654 

reinforced-concrete,  212 

arches,  864 
tapes,  1457 
stresses,  210 

hingeless  and  two-hinged  arches,  212 
reinforced-concrete   bridges,    870-872, 
882,  957 
Templates  "I 
Templets    / 

reaming  to,  334 
Temporary  bridge,  1748 
Temporary  lay-out  for  East  Omaha  Bridge, 
1073 


,  1422 


Temporary  omission  of  cantilever  brackets, 

1073 
Tenders,  1879,  1880 

weights  of  locomotive,  100 

withdrawal  of,  1881 
Tension-chord  joint,  designing  of,  527 
Tension  lap-splice,  designing  of,  512-515,  517 
Tension  members.      See  Trusses,  members. 

net  section  of,  295-298,  1658 
Tension  straps,  380 
Teredo  navalis,  780,  970 
Terms,  meaning  of,  1882 
Testimony,  expert,  1624,  1625 
Tests, 

asphalt,  1809,  1818 

brick,  1826,  1831 

broken  stone,  1470 

concrete,  946,  1468 

eye-bars,  full-sized,  1775 

foundations,  1518 

full-sized  built  members  or  details,  1776 

hardness  of  concrete,  953 

impact,  121-123,  1518 

materials  in  existing  bridges,  1516,  1617 

methods  of,  1772 

old  masonry,  1518 

old  timber,  1518 

paving,  1818,  1823 

percentage  of  voids,  1467,  1468 

piles,  1009 

rivets,  1432 

spans,  1518 

specimens,  1773 

steel,  1772-1777 

number  of  test-pieces,  1774 

steel  tapes,  1457 
Thatcher,  Edwin,  15,  28,  258,  1065 

formula  for  columns,  258 
Thebes  Bridge,  569,  598,  1067,  ll56 
Theorem  of  four  moments,  215 
Theorem  of  three  moments,  215 
Theory  of  stresses,  origin  of,  13 
Thickening  of  webs,  333 
Thickness  of  concrete  arch  ribs,  equation  for, 

867 
Thickness  of  metal,  minimum,  1661, 1680 
Thickness    of    web-plates    of    compresaion- 

members,  1677 
Third  coat  of  paint,  766 
Thompson  River  (B.  C.)  Bridges,  577,  678 
Threads,  1785 

Three-hinged  arches,  626,  627,  636 
Three  moments,  theorem  of,  215 
Three-truss  bridges,  484 
Through  plate-girder  spans,  465 

laterals  for,  394 

ties  supported  on  bottom  flange,  353 
Through  truss  spans,   weights  of  metal  in, 

1223-1225 
Thrust  angles  for  cantilever  beams,  380,  400 
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Thrust  castings  (centring  castings),  1723 

Thrust  of  earth,  1034 

Thrust  of  trains,  277,  400,  541 

bracing  to  resist,  1677 

detaihng  for.  283 
Thurlow  Street  Bridge,  design  for,  Vancouver, 

B.  C,  1175 
Tidal  action,  utilization  of,  1510 
Tidewater  Railway  formula,  1113 
Tie  plates,  329,  331,  .362,  1634 

A.  R.  E.  A.  recommendations,  3G2 

for  truss  members,  1678 
Ties,  1633 

bevelled,  360 

boring  for  spikes,  362 

bottom  flanges  of  through   girders,   353 

concrete,  363 

crowning  of  roadways,  372,  373 

curves,  360 

dapping,  359 

inspection,  1469 

lengths,  361 

manufactured,  363 

on  parapets,  361 

quahty  of  timbers,  361 

refuge  bays,  361 

shear  in,  302 

shimming,  360 

shims  on  floor-beams,  361 

sizes,  359-361,  369,  370 

spacing,  360 

steel,  363,  370 

tables  for,  359,  360 

treatment,  361 
Tilting  of  car,  148 
Timber,  52,  1804 

arch  bridge  over  the  Danube  River,  10 

beams,  figuring  of, 
bending,  303,  304 
shear,  302 

bridges,  longest  span,  12 

caissons,  988 

construction  in  general,  1840 

creosoted,  775 

crib  for  draw  protection,  780 

cribs  and  caissons,  1048 

floors,  365,  366,  1633,  1634,  1635 

hand-rails,  383 

inspection,  1450,  1453,  1469,  1470 

piers,  1026 

pile  piers,  1057 

portions  of  bridges,  1632 

preservation  of,  1805 

resistance  to  moisture  of,  772 

shear,  longitudinal,  in  beams,  302 

shrinkage  of,  772 

sidewalks,  1836 

splicing  of,  772 

strength  of,  772,  776 

stringers,  774 


Timber, 

swelling  of,  773  •  « 

testing  old,  1518 

track,  (luality  of,  361 

treated,  775 

for  floors,  366 

treatment  of,  361 

trestles,  536,  772,  773,  776 
approaches,  1866 
origin  of,  21 

unit  stresses  for,  263,  1046,  1047,  1666 

use  of  in  bridges,  52,  53 

weights  of,  95 
Time  cards,  1405,  1406,  1407 
Time  considerations  as  affecting  layout,  1215 
Time  estimates,  1363 
Time  of  completion,  1875 
Time-records, 

calculations,  1407 

office  drawings,  1408 

shop  drawings,  1409 
"Tin"  bridges,  1533 
Tin  plate,  50 

Tipping  of  caisson,  996,  997 
Titanium  in  steel,  86 

effect  of,  93 

in  vanadium  steel,  85 
Titles  for  drawings,  1381 
Toch  Brothers'  paints,  771 
Toe  walls,  designing  of,  1038 
Toggles  for  end  Hfts  of  swing  spans,  1718 
Toledo,  (Ohio)  Bridge  over  Maumee  River, 

980 
Tomlinson,  Joseph,  607 
Top  chords.     See  also  Trusses,  members. 

curvature,  479,  480,  487,  488,  1176 
examples,  480 

curved,  479,  480 

span  length  to  change  from  parallel 

chords,  479 
skew  spans,  487 

heating  of,  212 

polygonal,  479,  480,  487,  488 
Top  flange  bracing,  395 
Top-lateral  system,  400,  405 
Topographical  survey,  1091 
Tops  of  pier  bases,  elevations  of,  1051 
Tops  of  viaduct  columns,  339 
Torsion,  255 

on  members,  272 
Tower  Bridge,  London,  701,  1164 
Tower  sheaves,  1720 

bearing  connections,  1789 

journal-bearings,  1722 

shafts,  1721 
Towers, 

anchoring,  210 

bracing,  539 

columns,  batter  for,  540 

girders  in,  338,  339 
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Towers, 

spacing,  541,  542,  1644 

vertical  lift  spans,  cambering  of,  762-764 

viaducts,  329 
Town,  Ithiel,  15,  20 
Town  truss,  20,  772 
Tracing  cloth,  1387 
Tracing  file,  index  for,  1410 
Tracings,  filing  of,  1396,  1409,  1410 
Track, 

adjustment  of,  for  curvature,  138 

breaking,  357 

crowning  of  roadways,  372,  373 

curvature, 

clearance  diagrams  for,  147 
effects  of,  132 
on  chords,  145 
on  deck  spans,  144 
on  floor-beams,  141 
equalizing  stresses  for,  146 

driver  for  piles,  1015 

elevation,  floors  for,  348,  349 

fanning  of,  537 

gauge,  355 

guard  rails,  363,  364 

humps,  1212 

protection  piers,  364 

rails  and  their  connections.     See  Rails. 

refuge  laays,  361 

rerailing  frogs,  364, 

sags,  1212 

spacing,  355,  1639 

spikes,  362,  363 

spreading  of,  537 

street  railroads,  1635 

superelevation,  355 

swing  spans,  1713,  1716 

tie-plates.      .See  Tie  plates. 

ties.     >See  Ties. 

timber,  quality  of,  361 

vertical  curves,  356 

walkways,  361 
Traction  bracing,  391,  1677 
Traction  engine,  108 

weights  of,  118 
Traction  frames,  209 
Traction  loads,  149,  156,  157,  1653 

reinforced-concrete  bridges,  956 

trestle  towers,  effect  of,  157 
Traffic, 

classes  of,  341 

falsework  for  carrying,  1849 

maintenance  of,  1508,  1752 
Trail  Bridge  over  the  Coluniliia  River,  B.  C, 

736,  1026 
Train, 

falsework  for  carrying,  1849 

loads,  34 

service,  frequency  of,  1508 

speed  of,  133 


Train, 

thrust,  277,  541 

velocities,  132,  134 
Train  sheds, 

arches  for,  618 

cantilevers  for,  569 
Training  dykes,  1060 
Tramways  for  construction,  999 

direct  measurements  from,   1466 
Transbordeurs,  670,  671 

author's  proposed  improvements  in,  674 
Transferred  load,  1652 
Transformation     formula     for     weights     of 

bridges,  1276 
Transportation  methods,  34 
Transportation  over  Purchasers'  lines,  1754 
Transporter  bridges,  670,  671 

author's  proposed  improvements  in,  674 
Transverse  lateral  strut  connections,  293 
Transverse  loads,  bending  due  to,  205 
Trap  box,  use  of,  978 
Traveler,  1502 
Traverse  lines,  1147 
TreadwoU,  Lee,  1463 
Treated  timber,  775 

for  floors,  366 
Treatment  of  employees,  1607 
Treatment  of  track  timber,  361 
Tredgold,  Thomas,  14 
Tremie,  use  of,  978 
Trestles,  534 

anchoring  of  towers,  210 

approaches,  1866 

bents,  intermediate  columns  in,  541 

columns,  stresses  in,  1659 

combination  of  stresses,  250 

costs  of,  777 

curves,  sharp,  540 

definition,  534 

designing,  251 

details,  1683,  1684 

double-track  railway,  weights  of  metal  in, 
1266-1268 

economic  layouts,  1259,  1270 

economics  of,  1189 

electric  railways,  weights  of  metal  in,  1269 

framed,  773,  775 

guard  rails,  774 

highway,  1644 

inspection,  1450 

laying  out,  537 

location  of  expansion  points,  539 

pedestals,  542 

pile.  773 

railway,  1643 
origin,  27 

reinforced-concrete,  536 

economic  span  lengths,  1327 

single-track  railway,  weights  of  metal  in, 
1257-1263 
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Trestles. 

slidiiiR  joints,  539 

steel,  53G 

economic  span  lengths,  1259,  1270 

timber  for,  536,  773,  776 

timber,  origin,  21 

towers, 

bracing,  539 

connecting  of  by  girders,  538,  539 

effect   of  traction    loading  upon,  157 

weights.     Sec    \\'eights   of    Steel    Super- 
structures. 

wooden,  536,  772,  773,  776 
Triangular-lattice  truss,  474,  475 
Triangular  trusses,  24,  470,  471 

doublc-inter.^ection,  468,  471 

stress  coefficients,  172-174 
Triangulation,  1456 

checking,  1462 

correction  of  angles,  1461 

hubs,  1458,  1459 

ideal  system,  1459 

locating  piers,  1464 

records,  1461 
Trolley  poles,  384-386 
Trolleys  for  lift  spans,  1707 
Troubles  in  bridge  maintenance,  1523 
Trough  floors,  330,  349,  1634 
Trough  plates,  47 
Trough  sections,  milling  of,  333 
TroweUng,  1023 
Trumbull,  Earl,  22 
Truncated  cones  of  piers,  1300 
Trunnion  type  of  bascules,  701 
Truss  depths, 

economic,  1184 

excessive,  1176 
Trusses  and  truss  bridges,  468 

batten  plates,  505 

cambering,  333,  754,  755 

chords.     See  members. 

chords  of  lateral  systems,  175 

continuous,  25,  482 

curved  in  plan,  1071 

curved  top  chords,  479,  480,  487,  488 

deflection,  238 

depths  for  cantilever  bridges,  589 

description,  489 

detailing,  492,  503-526 

diagonals.     See  members. 

diagonals  of  lateral  systems,  176,  177 

diaphragms.     See  Diaphragms. 

elements,  489 

end  post.     See  members. 

equivalent  live  loads,  168 

formula  for  weights,  1281 

gravity  axes,  491 

gusset-plates.     See  Gusset-platea. 

hangers.     See  members. 

hybrid,  482 


Trusses  and  truss  bridges, 

lacitig,  285-292,  503-505,  1678.  1679 
lateral  connections,  503,  527,  532 
members  (pin-connected  trusses),  526-531 
bottom  chord.  527 
bottom  lateral  coimections,  527 
built,  526 

chord  sections,  527,  529,  530 
diagonals,  527 
eye-bars,  526,  527 
pin-packing,  527-529 
riveted  connections,  527 
web-plates,  527-529 
end,  528,  529 
multiple,  527,  528 
members  (riveted  trusses),  490 
angles  for  box  sections.  498,  499 
building  up,  500-503 
central  diaphragms,  498 
channel  sections,  495,  496,  502 
built,  495,  496 
rolled,  495 
cover-plate,  498,  499 
depth,  494 
details  at  joints,  518 
determination,  502,  503 

approximate  radii  gyration  (table), 

504 
net  section  (table),  512 
point    of   contraflexure    (diagram), 
298 
diaphragms,  498,  506,  507,  531 
four-angle  box  section,  laced,  498 
I-section,  493,  494,  495 
lacing.     <See  Lacing, 
lateral  connections,  503 
multiple  punching,  503 
sections,  490-493,  502 
arrangement,  491,  492 
arrangement  of  angles,  492,  493 
deck  spans,  492 
through  spans,  493 
factors  determining,  492,  496 
open- web  riveted  girders,  490,  491 
pony  trusses,  490,  491 
typical,  490 
top  chord  and  end  post,  498-500 
angles,  499 
box-section,  499 
centre  of  gravity,  equality  in  two 

directions,   499 
cover-plate,  498,  499 
radius  of  gyration,  approximate,  504 
t5T)ical  sections,  490 
web-plates,  496-498 

between  angles,  496,  497 
full  depth,  496 
number,  497 
sizes,  497,  498 
widths,  493,  498 
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Trusses  and  truss  bridges, 

multiple  punching,  503 

number  of  trusses  per  span,  483,  484 

open-web  riveted  girders,  490,  491 

origin  of,  12 

panel  length,  481,  493 

percentage  of  details,  1227,  1239-1241 

pins,  530,  531 

pony  trusses,  490,  491 

posts.     <See  members. 

Pratt,  stress  coefficients,  171 

riveted,  31 

rivets.     -See  Rivets. 

shoes,  532,  533 

simple,  longest,  25 

skew  spans,  484-488 

skid  girder,  533 

spacing  of  trusses,  483,  1638 

span  length,  468 

splices.     See  Splices. 

stay-plates,  505,  506 

stress  coefficients,  171,  177 

subdivided  panels,  480,  481 

swing-spans,  details  of  design  for,  1691 

top  chord.     See  members. 

triangular,  stress  coefficients,  172,  174 

vertical  end  posts  for  through  spans,  481, 
486 

Warren,  stress  coefficients,  172-174 

web  members.     See  members. 

weights  of   metal.      See  Weight  of  steel 
superstructures. 
Trusses,  types  of, 

"A"  (Waddell's),  468,  477 

Baltimore,  24,  468,  469 

Bollman,  468,  472 

Burr,  19 

Camel-back,  468,  477,  478 

double-intersection  triangular,  468,  471 

Fink,  468,  472 

Howe,  19,  20,  468,  472,  772 

hybrid,  482 

"K,"  16,  478 

Kellogg,  468,  477 

lattice,  474 

with  polygonal  top  chord,  468, 476 

lenticular,  468,  474 

Long,  20 

Murphy- Whipple,  23 

parabolic,  468,  474 

Parker,  24,  469 

Pegram,  468,  477 

Pennsylvania,  25,  469 

Petit,  25,  268,  469,  470 

pony,  468,  479 

Post,  23,  468,  473 

Pratt,  468 

radial,  468 

Schwedler,  468,  476 

single-intersection  triangular,  468,470,471 


Trusses,   types  of 

subdivided  triangular,  471 

Town  lattice,  20,  772 

triangular,  24,  470,  471 

triangular  lattice,  474,  475 

Warren,  24,  468,  472 

Whipple,  23,  468,  476 
Truth,  1155 

Tsinanfu  (China)  Bridge,  603 
Tubular  bridges,  17,  23 
Tuileries  Bridge,  12 
TuUock,  A.  J.,  770 

Tunkhannock  Creek  Viaduct,  1169,  1171 
Turnbuckles,    nuts,    threads,    and    washers, 

1785 
Turned  bolts,  337,  1731,  1785 
Turned-in  flanges  of  channels,  339 
Turning  drill  pipe,  1102 
Turntable  designing,  691 
Twelfth  Street  Trafficway  in  Kansas  City, 

848,  865,  924,  936,  942,  1169 
Twisted  bars,  48 
Two-hinged  arch,  626,  636 

temperature  stresses  in,  212 
Two-rivet  connections,  276 
Tyrone  Bridge,  605 
Tyrrell,  Henry  Grattan,  716 

U 

Ugliness  of  bridges,  1155 
Ultimate  strength,  265 
Unclassified  work,  1484,  1878,  1884 

bills  of,  1482 
Underpinning,  1530 
Uniform  loads,  plate  girder  spans, 
lengths  of  cover-plates,  443 
moments,     shears,     and     reactions,     42, 
414 
Union  Bridge  and  Construction  Company, 

1072,  1513 
Unit  prices  of  materials,   1354,  1355,   1359, 

1360 
Unit  reaction  method  of  computing  live-load 

stresses,  169 
Unit  stresses,    255,    1654,    1657.       See    also 
Tables  for  Designing, 
columns,  322 

forked  ends  or  jaw  plates,  323 
machinery,  1709-1712 
pins,  bearing,  and  bending,  323,  324 
rivets,  bearing  and  shear,  325 
timber,  1046,  1047 
weights  of  materials,  1649 
United    States    Army    Engineers'    hearings, 

1142 
United  States  Government  requirements  for 
bridging  navigable  waters,  1137 
United  States  map  showing  the  annual  rain- 
fall and  record  run-offs,  1115 
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United  States  Steel  Corporation,  76 
Universal  mill  plates,  straifihtness  of,  1426 
Unnecessary  rivets,  50;i 
Unsupported  lengths  of  columns,  Otit) 
Unsupported  lengths  of  plate-girder  flanges, 

431 
Uplift  loads,  97,  1650 
Upper  lateral  systems,  405 
Use  of  piles  for  foundations,  969 


Vacation,  annual,  1608 

Valuation  of  materials  furnished,  1480 

Valuation  of  work  done,  1480 

Value  of  bridge  engineers'  services,  37 

"  \'alue  of  English  to  the  Technical  Man," 

1573 
Value  of  pigment,  766 
Van  Brunt,  Henry,  1150 
Van  Ornum,  Professor,  1059 
Vanadium-carbon  steel,  82,  89 

nickel  in,  85 
Vanadium-chromium  steel,  82 
Vanadium  steel,  84,  86 

bridges,  costs  of,  85 

bridges,  economics  of,  86 

heat-treated,  84 

possibilities  of,  90 

strength  of,  82 

titanium  in,  85 
Variable  clauses,  1741 
Variation,  permissible,  in  weight  and  gauge, 

1779 
Varying  of  panel  lengths,  1068 
Vehicle  for  paint,  766 

Velocities  of  current,  determination  of,  1148 
Velocities  of  trains,  132,  134 
Vera    Cruz    and    Pacific    Railway    Bridge, 

foundations,  983 
Vertical  curves,  356,  374 
Vertical  end  posts  for  through  spans,  481 
Vertical  Hft  bridges,  717-746 

advantages  of,  746 

cambering  of,  753,  761 

cambering  of  towers  for,  762,  763,  764 

comparison  with  bascules,  1208 

comparison  with  swing  spans722,  1208 

counterbal  ancing  chains, 

grouping  of,  744,  745 

guides  for,  1722 

history  of,  717 

hydraulic  buffers  for,  723 

longest  movable  span  of,  737 

machinery  for,  1789 

Pennsylvania     Railroad     Company     at 
Chicago,  734,  736 

provision  for  cantilever  bracket  loading, 
746 

RaU,  743 


Vertical  lift  bridges, 

Strauss,  743 

tabulation  of,  744 

unbalanced  loads  on,  722 

wind  loads  for,  155 
Vertical  loads  on  girder  flanges,  rivet  pitches 

for,  436 
Vertical  splice  plates,  main,  design  of,  451 
Vertical  sway  bracing,  401,  402,  404 
Vessel  signals,  1801 
Vessels,  loading  metal  on,  1766 
Viaducts,  338,  534 

columns,  tops  of,  339 

cross-frames,  338 

definition,  534 

girder  depths,  329 

highway,  1686 

tower-girders,  339 

towers,  329 
Viaur  Viaduct  (France),  631,  632 
Vibration, 

effect  of,  256 

formula,  Robinson's,  124 

loads,  149,  155,  1653 
Victoria  bridge,  23 
Void  drawings,  1390,  1396 
Voids,  percentage  of,  1467,  1468 
Volatilization  test  for  asphalt,  1820 
"Volume  of  Layout,"  1338 
Von  Emperger,  F.,  18,  28 

w 

Waddell,  J.  A.  L. 

"A"  truss,  468,  477 
formula  for  impact,  122 
Waddell,    Montgomery,    tj^es    of   bascules, 

711,  712,  715 
Waddell,  N.  Everett,  783,  1893 
Waddell,  R.  W.,  1893 
Waddell  &  Harrington  bascule,  709—711 
Wages,  rates  of,  1756 
Wagner,  Samuel  Tobias,  351 
Wagons,  weights  of,  118 
Waikato  River  Arch  Bridge  at  Cambridge, 

New  Zealand,  630,  638 
Waikato   River   Arch   Bridge   at   Hamilton, 

New  Zealand,  627,  629,  638 
Wakefield  sheet  piling,  975,  1013 
Walker.  W.  R.,  76 
Walkways,  361 
Walkways  and  stairs,  1734 
Walls, 

double-shaft  piers,  1052 
footings,  837 

calculation  of  stresses  in,  861 
designing  of,  939 
retaining,    1031,     1032.        See    Retaining 
walls. 
Wandipore,  Tibet,  cantilever  bridge,  7 
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War  Department, 

approval  of  bridge  plans,  1140 

requirements  for  clear  headway,  1143 

requirements    for    openings    of    movable 
spans,  1143 
War,  effect  of  upon  contracts,  1562 
Warning  contractors,  1615 
Warren  truss,  24,  468,  472 

stress  coefficients,  172-174 
Wash  borings,  1093 

equipment  for,  1094 
Washing  of  sand,  1044 
Washout,  danger  of,  749 
Washout  of  falsework,  1201 
Watchman  for  boring  outfit,  1105 
Water,  weight  of,  96 
Water-jets,  1015 

driving  piles,  data  for,  1018 

nozzles  for,  1018 
Water-pipes,  carrying  of,  1076,  1843 
Waterford  Bridge  over  the  Hudson,  19 
Waterproofing,  769,  847,  1848 

floors,  351,  352,  369 
Waterway, 

areas, 

determination  of,  1109 
example  of,  1122 

formulae,  1113 
Wattled  piling,  1063 
Wave  action,  1059 
Wayss,  18 
Wearing  floor,  366 
Wearing  of  joints  in  pin-connected  bridges, 

749,  750 
Wearing  surfaces, 

asphalt  pavement,  1814 

plank  floors,  366 

wood-block  floors,  368 
Web, 

compound,  500 

dumb-bell  piers,  1052 

plates,  plate-girders,  419—421 
depth  of,  419,  420 
design  of,  419-421 
splices,  420 
stress  distribution,  420 

epUces,  plate-girders,  301,  447-452 
design,  450-452 
loads,  447,  450 
types,  comparison  of,  447-449 

chickening  of,  333 
Web   reinforcement    for    reinforced-concrete 

constructions,  962 
Wedges  for  swing  spans,  696,  1717 

machinery  for,  1724 
Weekly  charts  of  progress,  1486 
Weekly  reports,  1486 
Weepers,  1032 
Weights, 

asphalt  pavement,  95 


Weights, 

brick  pavement,  95 

bridges,  illustrative  examples  for  finding, 

1292 
broken  stone,  96 
cattle,  117 
compacted  stone,  96 
concrete,  95 
deformed  bars,  799 
details  of  steel  bridges,  283 
earth,  96 
material  in  stiffening  trusses  of  Buspen' 

sion  bridges,  656,  657 
materials,  1649 
member,  bending  due  to  weight  of,  205, 

252 
metal,  computation  of,  1377 
metal,  estimates  of,  279 
metal  in  cantilever  bridges,  581-583 
nickel  steel  in  bridges,  61 
people,  108 

permissible  variation  in,  1779 
rails,  95 

road  rollers,  118 
round  and  square  bars,  799 
steel,  96 
steel  cables,  96 
steel  superstructures.   See  Weights  of  steel 

superstructures,  carbon  steel  and 

nickel  and  alloy  steels, 
swing  spans,  698 
tenders,  100 
timber,  95 

traction  engines,  118 
truss  members,  bending  due  to  weight  of. 

1661 
wagons,  118 
water,  96 
Weights    of    steel 

steel, 
arches, 

plate- girder 


superstructures — carbon 


arch   ribs — author's  for- 
mulae, 639 
open-webbed  riveted  —  author's    for- 
mulae, 641 
open- webbed     riveted  —  Kunz's    for- 
mula, 642 
cantilevers — double- track  railway, 

trusses   and  lateral   systems  of  canti- 
lever arms  and  anchor  arms,  583 
type  "A."     (.See  page  1271.) 

floor  system,  laterals,  and  on  piers, 

1272 
pin-connected    spans — trusses    and 

total  metal,  1275 
riveted     spans — trusses    and    loia^ 
metal,  1273 
type  "  B."     (5ee  page  1271.) 

floor  system,  laterals,  and  on  piers, 
1277 
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Weights    of    steel    superstructures — carbon 
steel, 
cantilevers — double-track  railway, 
type  "  B." 

piu-connected  spans — trusses  and 

total  metal,  1279 
riveted    spans — trusses   and    total 
metal,  1278 
type  "  C."     (See  page  1271.) 

floor  system,  laterals,  and  on  piers, 

1280 
pin-connected  spans — trusses  and 

total  metal,  1282 
riveted   spans — trusses   and    total 
metal,  1281 
type  "D."     (See  page  1271.) 

floor  system,  laterals,  and  on  piers^ 

1283 
pin-connected  spana — trusses  and 

total  metal,  1285 
riveted   spans — trusses  and   total 
metal,  1284 
I-beam     spans,      single-track      railway, 

1220 
lacing, 

angle,  288 
bar,  287 
pin-connected  through  trusses, 
metal  on  piers,  1257 
Petit  trusses,  one  truss,  1256 
Pratt  trusses,  one  truss,  1255 
railway,  double-track, 
Petit  trusses, 

floor  system,  laterals,  and  on 

piers,  1247 
trusses  and  total  in  spans,  1248 
Pratt  trusses, 

floor  system,  lateralsj  and  on 

piers,  1244 
trusses,  1245 
total  in  span,  1246 
faflway,  single  track, 
floor  system,  1233 
laterals  and  on  piers,  1223 
Petit  trusses — trusses  and  total  in 

span,  1236 
Pratt  trusses — trusses,  1234 
Pratt     trusses — total     in      span, 
1235 
plate-girders, 

deck,    single-track-railway — total    in 

span,  1221 
half-through,  double-track,  railway — 

total  in  span,  1237 
half-through,    single-track-railway  — 

total  in  span,  1222 
riveted   end-connections,   one   girder, 
1250 
riveted,  deck,  Pratt  trusses,  metal  in  one 
truss,  1253 


Weights    of    steel    superstructures — carbon 
steel, 
riveted,  deck,  singlc-traok-railway  Pratt 
trusses, 
details,  1225,  1839 
floor  system,  1229 
laterals,  1230 
metal  on  piers,  1230,  1257 
total  in  span,  1232 
trusses,  1231,  1253 
riveted  through  trusses, 
details,  1225 
on  piers,  1257 

light  highway — one  truss,  1254 
Petit  trusses — one  truss,  1252 
Pratt  trusses — one  truss,  1251 
railway,  doul)le-track. 
Petit  trusses, 

floor  system,  laterals,  and  on 

piers,  1242 
trusses     and     total    in    span, 
1243 
Pratt  trusses, 

floor  system,  1238 
laterals  and  on  piers,  1239 
total  in  span,  1241 
truss  details,  1239 
trusses,  1240 
railway,  single-track, 
floor  system,  1224 
laterals  and  on  piers,  1223 
Petit  trusses — trusses  and  total  in 

span,  1228 
Pratt  trusses — trusses,  1226 
Pratt  trusses — total  in  span,  1227 
truss  details,  1225 
suspension  bridges, 

stiffening  trusses,  651,  652,  654 
floor  system,  653 
swing  spans,  1242-1249 
trestles, 

electric  railway,  approximate  method, 

1269 
double  -  track  -  railway,     approximate 

method,  1266 
single-track-railway, 

type  I.     (See  page  1258.) 

girders     and     girder     bracing, 

1258 
total  for  economic  layouts,  1262 
tower  bracing,  1260 
tower  columns,  1261 
type  II.    (.See  page  1264.) 

girders  and  girder  bracing,  1264 
one  bent,  1265 
one  tower,  1266 

total  for  economic  layouts,  1270 
towers  and  bents,  1267-1269 
transformation  formulae, 
floor  system,  1286,  1288 
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Weights    of    steel    superstructures — carbon 
steel, 
transformation  formulis, 
lateral  system,  1283,  1289 
trusses, 

formulae  for  weights,  1287 
variation      in      loadings,       1287, 

1288 
variation  in  material,  1288-1291 
variation    in    span    length,    1286, 

1291,  1292 
variation   in   unit   stresses,    1288- 
1291 
Weight  of  steel  superstructures — nickel  steel 
and  alloy  steel, 
cantilever  bridges, 

double-track  railway — total  in  bridge, 

63,  80 
probable    total  for  very  long    spans, 
67 
single  span  bridges,  double-track-railway, 

total  in  spans,  62,  78 
transformation    formulae.      See    Weights 
of     steel     superstructures — car- 
bon steel. 
Wellington's  pile  formulae,  1009 
Wells,  filling  of,  996 
Wells  of  caissons  faces  of,  987 
Wentworth's  formula,  1113 
Wernwag,  15 
Westminster  Bridge,  12 
Weston,  C.  V.,  567 
Weyrauch,  15 

Wheeling  suspension  bridge,  21 
Wheel-load   method  of  stress  computation, 

160,  161 
Whipple,  Squire,  15,  22,  717 
Whipple  truss,  468  476 

origin  of,  23 
White,  H.  F.  971 
White  and  Hazard,  21 
Wide-legged  connecting  angles,  200 
Wide  plates,  extra  cost  of,  327 
Widths, 

arches,  637 

bridges,  standard,  332 
cover-plates,  498 

minimum  for  cantilever  bridges,  570 
Wilkinson,  18 

Willamette    River    Lift    Bridge,    Portland, 
Ore.,  495,  724,  725 
lowering  caissons  of,  1067 
Williams,  J.  P.  J.,  215 
Williamsburg  Bridge,  27,  656 
Williot  diagram,  182,  187,  220,  239,  243,  245, 

246 
Williot-Mohr  diagram,  239,  245,  246 
WUson,  W.  N.,  217 

Wind  loads,  149,  956,  1651-1663,  1688,  1689 
bascules.  155 


Wind  loads, 

combined  highway  and  railway  bridges, 
152,  154 

effects  on  bridges,  155,  489 

highway    and     electric-railway    bridges 
152,  1652 

indirect,  1652 

intensities  of  working  stresses  for,  262 

movable  bridges,  154 

railroad  bridges,  1651 

reinforced-concrete  bridges,  956 

swing  spans,  154,  1688,  1689 

vertical  lift  bridges,  155 
Wind  pressure,  formula  for,  149,  160 

inclined  surfaces,  150 
Wind  stresses,  152,  1376 
Wing  abutments,  volumes  of,  1314-1317 
Winner  Bridge,  723 
Wire,  50 

mesh,  769 

nettmg,  769 

ropes,  49,  96,  310 

bending  stresses  in,  311,  1712 
cables  for  swing  spans,  1718 

sockets  for,  311,  312,  1789 
tables  of,  310-313 
Wiring,  1706 

for  electric  power,  1795 
Withdrawal  of  tender,  1881 
Witness  to  signatures,  1886 
Wolfel,  Paul  L.,  203,  327,  339,  596,  614 
Wood-block  pavement,  366  368 

bases,  368 

cushions,  368 

fillers,  368 
Wooden  bridges,  52,  772 

advantages,  777,  778 

floor  systems,  773 

renewals,  775 
Wooden  caissons,  designing  of,  1004 
Wooden  piles  and  pile  driving,  1855 
Wooden  trestles,  536,  772,  773,  776 

costs,  777 

railway,  origin  of,  27 
Work, 

foreign  countries,  1583 

other  contractors,  1765 

starting  of,  1884 
Work  done,  valuation  of,  1480 
Working  chamber,  1048 

batters,  988 

roof,  1048 

stepping  off,  988 
Working  drawings,  1380,  1759 
Working  stresses.      See  also  Tables  for  de- 
signing. 

compression  members,  259,  310 

diversities  in,  260 

intensities  of,  120,  255,  261,  1664-1656 

machinery,  1709 
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Working  strcssoa, 

nickel  steel,  2G2 

reinforccd-concrete,  264 

reinforced-concretc  bridges,  957 

substructure  materials,  263 

timber,  263,  265,  1656 
Work-shop  trusses,  cantilevers  for,  569 
Workmanship  and  materials,  1762 

electrical,  1792 

inspection  of,  1412 
Worm  gears,  1727 
Womall  Ftoad  Bridge,  Kansas  City,  1169 


Worthington,  Charles,  622,  623 
Wrought  iron,  49 

effect  of  on  bridge  construction,  13 

intensities  for,  257 
WUnsch,  18 


Year-plates,  1786 

Yellowstone    River    Lift    Bridge    for   Great 

Northern  Railroad,  737,  788 
Yelm,  C.  W.,  793,  865 
Young,  C.  R.,  1209 
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